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Abstract

The history of solid propellants has dramatically changed since the end of the 19th century when Paul Vieille and Nobel
discovered the phenomenon of gelatimzation of mtrocellulose (either by solvent or by nitroglycerin). The products thus
obtamed exhibited a new combustion behaviour. combustion n paraltel layers This 15 the basis of modern gun and rocket solid
propulsion.

Extruded doubic base propellant grans were used for propulsion of rockets before world war II. Composite propellants (a
binder, a fuel and an oxidizer) were discovered during the 1940s. They also burn in parallel layers, aithough microscopically the
process is more complex. Since that time, these famihies of propellants have been improved and are now widely used for the
propulston of tactical rockets, strategic missiles, as well as space launchers. Duning the operation of rocket moters, many
complex combustion phenomena occur. It 1s the object of Lecture Serivs 180 to present, and analyse all these combustion
phcnomena, both theoretically and expenimentally:

— Overview on solid propellant combustion wathin a rocket motor
Solid propellant steady combustion

Erosive burning

Special effects 1n sohd propeltant combustion

Combustion nstabilities

Igmtion and unsteady combustion

Combustion and safety of solid propellant rocket motors.

|

!

This Lecture Senies, sponsored by the Propulsion and Energetics Panel of AGARD, has been implemented by the Consultant
and Exchange Programme

Abrégeé

L'histoire des propergols solides a connu un bouleversement profond avec la découvezte par Paul Vietlle et Nobel, a la fin du
dix-neuvieme siécle, du phénomene de la gélatinisation de la nitroceliulose (soit par solvant soit par la mtroglycénne). Les
produits ainsi obtenus présentaient u: nouveau comportement a ia combustion: la combustion par couches paralleles. Ce
phénomene est a la base de la propulsion par propergols solides des obus et fusées modernes.

Avant la deuxiéme guerre mondiale des blocs a propergols sans dissolvant furent utibsés pour la propulston des fusées. Les
poudres composites (un liant, un ergol et un comburant) ont été découvertes lors des années 1940: la combustion se fait
également par couches paralléles, bien que le procédé soit plus complexe sur le plan micromoléculaire. Depuis lors, ces familles
dergols ont été améliorées et elles sont désormais trés largement employées pour la propulsion des fusées tactiques, des
musstles stratégiques et des lanceurs spattaux. Un grand nombre de phénomeénes compiexes de combustion se produisent
pendant le fonctionnement d’un moteur-fusée et lobjet du cycle de conférences No 180 est de les présenter et de les analyser,
tant au plan théorique qu'expérimental:

— panorama de la combustion des propergols solides dans les moteurs-fusées
— la combustion stationnaire des propergols sohdes

— la combustion érosive

~ les effets particuliers de la combustion des propergols solides

— les instabilités de combustion

— Tallumage et la combustion stationnaire

— la combustion et la sécunité des moteurs-fusées a propergols solides.

Ce cycle de conférences est pré<enté dans le cadre du prc_ramme des Consultants et des Echanges, sous I'égide du Panel
AGARD de Propulsion et d'Energétique.
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Introduction to the Lecture Series 180
Bernard ZELLER
Directeur de l1a Stratégie et du Marketing
(Director, Business Dovo‘?pnont and Planning)
8.N.P.E.
12, Quai Henri IV, 75004 PARIS FRANCE

1. FOREWORD (How LS 180 was initiated)

In 1988 and 1989, AGARD organized a double
series ot lectures (LS 150) on the subject
of Design Methods in Solid Rocket Motors.
The Lecture Series Director was Daniel
REYDELLET. This Lecture Series was so
successful that it was presented in 1988 in
Netherlands, Greece, Turkey and United
states of America, then, in 1989, n United
Kingdomn, France, Germany and Italy. A
substantial part of this Lecture Series
was, of course, dedicated to solid
propellant grain design. The question of
propeliant combustion, which is essential
in the principlies of rocket motor
propulsion, was addressed, but could not
thoroughly be detailed. various aspe-ts
were mentioned such as : normal steady
combustion, fgnition, unsteady combustion,
erosive burning, combustion instabilites,..
Numerous attendees of LS 150 asked for more
information on these subjects, so that
£3ARD Propulsion and Energetics Panel
proposed that a whole Lecture Series be
dedicated to these questions of solid
propellant combustion. This proposal was
approved by the National Delegates Board of
AGARD, then organized by Plans and
Programmes of AGARD in connection with the
Propulsion and Energetic Panel.

This is the origin of Lecture Series 180
which is & useful follow up of LS 150 in
the field of solid propellant behavior (one
may also imagine another specialized
Lecture Series in the field of solid
propellant mechanical properties and grain
structural analysis or in the field of
rocket motor plume technology).

2. ROLE OF COMBUSTION IN SOLID ROCKET MOTOR
OPERATION

Combustion 1s the central phenomenon of
solid rocket motor operation. It is the
stage where condensed matter is transformed
into gaseous high temperature products. The
"potential” energy contained into the
propellant is changed into the thermal and
kinetic energy of gaseous mixture thanks to
a nozzle. The higher temperature and the
jower the molecular weight of the mixture,
the more impulsive the propeliant :
specific impulse of a propellant (impulse
delivered by the propelilant mass unit in
given conditions) is proportional to the
square root of gas temperature over gas
average molecular weight :

Te
Is = k=
M

However, it is not sufficient to "deliver
impulse”. This impulse is the integra) of
thrust versus time and thrust must be
controliled during the operation of the
rocket motor. Thrust is related to pressure
in the rocket motor :

F = Cr.P.ATY

F @ thrust

Ct : nozzle thrust coefficient

P : internal pressure (in the rocket
motor)

Ar : nozzle throat cross section area

The 1nternal pressure i1n the motor is the
result of balanced flow rates :

- an input flow rate due to the combustion
of the propellant,

- an output flow rate due to the ejection
of propellant high temperature combustion
products through the nozzle.

This may be written as :
fsve = P.Co.Ar

f = propellant density

$ : propellant grain burning area

V¢ : propellant burning rate

P : internal pressure

Co : nozzle discharge coefficient

Ar : nozzle throat cross section area

This equation may be written and
corresponds to a steady operation only if
one assumes that :

- the propellant burns in "paraliel
layers”, that is to say that the burning
front recedes at a speed whose vector is
perpendicular to the front (normal
combustion);

- the propeliant burning rate increases
proportionally less than the pressure,
when the latter increaees.

These are the¢ main questions that are
discusced in this Lecture Serins :

SOLID PROPELLANT MUST BURN IN PARALLEL
LAYERS

RELATIVE CHANGE _¢ BURNING RATE VERSUS
PRESSURE MUST "= LOWER THAN RELATIVE
PRESSURE CHAN"*.

Besidee these basic requirements, many
other phenomena have to be under control.
Rocket motors have to be efficient, safe
and reliable. Accurate predictive methods
must be available (in order to minimize the
cost of the rocket motor development
programmes). /A1l these requirements demand
a detailed knowledge of the phenomena
related to ignition, unsteady combustion,
erosive burning, combustion instabilities,
deflagration to detonation transition,...

3. COMBUSTION IN PARALLEL LAYERS

In 1991, it seems obvious that solid
propellant burns in parallel layers. It has
not been always 1ike that, ard one has to
remember that, even nowadays, a failure in
that way of burning may induce catastrophic
effects such as transition to detonation.
until 1884, solid propellant was mainly
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black powder. This prcpellant, even
strongly compacted, could not sustain a
Tull combustion in parallel layers in a
gun, In additi.n, it was smoky and its
impulse was limitec In the middle of the
nineteenth century, nitrocellulose was
recognized as a potenivrally very
interesting propellant. Many attemps were
made to use 1t for gun propulsion. Its
force was around three times that of black
powder and it was smokeless. Even
compacted, this product did not burn
regulariy and many guns exploded as a
result of this unpredictable behaviour.

In 1884, Paul Vieirlle discovered how to
"gelatinize” nitrocellulose using a mixture
of ether and ethy) alcohol and removing
this snlvent. Instead of having a fibrous
structure, the nitrocellulose thus obtained
was a compact not porous material which
burned in parallel layers. This was the
birth of single base propeilants.

At the same period, Nobel discovered that
nitrocellulose, mechanically processed with
nitrogiycerin at temperatures above normal
temperature, was also changed into a
compac*, non porous material., This was the
birth of double base solventiess propellant
whose thickness may reach several
centimeters,

bDuring the twentieth century, new families
of solrd propellants appeared, such as cast
double base propellants and, during World
War II, composite propellants,

Composite propellants, made of a polymeric
matrix, an oxidiser and a metallic fuel,
macroscopically burn 'n paraiiel layers,
although, microscopically, as the material
is not homogeneous, the flame front is not
plane. The web thickness of propellant
grains based on these propellants has no
theoretical iimit. Grains of 4 meters
diameter have been manufactured.

As mentioned above, burning in .a-3allel
layers is not sufficient for designing a
satisfactory propelilant grain, The
propellant grain designer must be providad
with propellants having controlable burning
rate. The need for high performance rocket
motors involves to master erosive burning,
combustion instabilities.

4. ORGANIZATION OF THE LECTURE SERIES
SESSION

During the session, six speakers will
present eight lectures. These speakers are
among the western world best specialists in
the field of combustion. All of them are
leaders in their countries. They have
gathered experience all along the years and
all of them are now very well known in the
field of propeliant combustion. Because of
their expertise they have important
responsabilities and very busy schedules.
Despite that, they have devoted an
important part of their time to prepare
their lectures. We are proud to have them
for thisc lecture series and we acknowledge
their common participation, which is a rare
event.

4.1 Combustion Phenomena Associated with
solid propellant rocket motor
operation

Alain DAVENAS will give an overview, from

an engineering point of view, of ail the
phenomena related to combustion which have
to be considered for designing a sound
golid propelilant grain. This lecture is {
intended to make a link between the ; |
engineer and the scientist, between M
practical issues and basic scientific '
investigations. Each of the following

lectures will be, at least partially,

connected with this first lecture.

4.2 Solid propellant steady combustion
(two lectures)

Guy LENGELLE and Professor Kenneth K. KuOQ
w111 adddress this essential point on both
physical and theoretical aspects. It is the
objective of these lectures to give a
comprehensive understanding of the physics
of the combustion process of various types
of solid propeliants and also of their
ingredients. Another objective is to
provide the attendees of LS 180 with the
description of the various up to date
models of combustion behaviour of double
base and composite propellants.

4.3 Erosive burning of solid propellants

This phenomenon is given more and more
consideration because of the permanent
trend towards high performance rocket
motors, which 1nduces high propeliant
loading density. Erosive burning have to be
controiled, so that 1t can be used instead
of being merely a constraint,

Merrill KING w111 present a review of
experimental and modelling work concerning
erosive burning of solid propsllants.

Here again, double base and composite
propellant behaviour w111 be analysed and
the most up to date models will be
discussed.

4.4 Effect of wires on solid propetlant
ballistics

Several rocket motor grains involve the use

of metallic wires. One can mention STINGER

and SAM 7 Surface to Air missiles as using

that type »f rocket motors. Metallic wires

are used co amplify solid propellant

burning rate and thus to make possible the

use of grain geometries which, otherwise,

would not be acceptable., Merrill KING will

review the phenomenon and the various

models available. Some of them are related

to the "pure” phenomenon (for propeltant ¢
strands), other are coupled with the rocket

motor chamber ballistics analysis so as to :
provide prediction of pressure (and thrust) ¥
versus time history.

4.5 Combustion instabilities i

Combustion i1nstabjlities may have, in some
rocket motors, catastrophic effects such as
overpressure. They are difficult to predict
accurately. Basic physical phenomena will
be analysed by Paul KUENTZMANN. State of
the art of available predictive methods of
rocket motor stability will be presented.
Some examples will be given in order to
illustrate this lecture,

4.6 Ignition and unsteady combustion
Professor KUO will review the literature

available in the field of solid propeliant
ignition so as to present a comprehensive
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description and evaluation of thae state of
the art in ignition to date.

Professor KUO will also present the
phenomena and the models related to
transient burning. One has to be aware that
instantaneous burning rate undear transient
conditions may differ significantly from
the steady state correspond.ng va'ue.

4.7 Combustion and safety of solid
propellant rocket motors

Tom BOGGS will discuss these importa-t
topics. The content of his lecture will be
partially based on the work presented in
Agardograph 316 "Hazard studies for Solid
Propellant Rocket Motors” which will be
distributed to the Lecture Series
attendees. Some updated information will
also be presented so that these materials
will represent the state of the art in this
critical field.

5. CONCLUSION

We shall conclude thiys Lecture Series by an
attempt to make & synthesis on this wide

1-E-3 } :

topic of solid propellant combustion and by
a round table discussion.

During the synthesis, we shall try to
unformally address the topics which were
not addressed during the Lecture Series,
because although of interest, they were not
selected when preparing these saessions. One
can mention, rocket motor plume technology,
thermodynamica) properties (and
calculation) of solid propellant,
combustion of solid fuel and fuel rich
propellants in ducted rockets, computer
codes for calculation of propellant grain
recession during combustion, comparison
between gun propellant combustion and
rocket propellant combustion...

S

During the round table discussion, the
lecturers will address, in more details,
the points presented during the Lecture
series, that the attendees would like to go
deeply 1nto, Together, we shall also try to
point out the topics for which the
knowledge is not at a satisfactory level,
considering the needs for an accurate
prediction of performance, safety and
reliability of rocket motors operation.
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Introduction & la sé4rie de conférences LS 180 i H
Bernard ZELLER ’
Directeur de la Stratégie et du Marketing
SNPE

12, quai Henri IV, 75004 PARIS FRANCE

1. PREAMBULE (Comment est née la Série de proportionnelle A la racine carrée de la

conférences LS 180) température des gaz de combustion divisée
par la masse moléculaire moyenne de ces .
En 1988 et 1989, L'AGARD a organisé une gaz:

double série de conférences (LS 150) sur
les méthodes de conception des moteurs a Tc
propergol solide. Le diracteur de cette Is = K |=
série de conférences était 1'lngénieur en M
Chef de 1'Armement REYDELLET du Service

Technique des Engins & 1a Délégation Cependant, 11 n’est pas suffisant de
Génédrale 4 1'Armement (FRANCE). Cette série “"fournir de 1'impulsion”. Cette impulsion
de conférences a remporté un tel succds est 1’intégrale de la poussée au cours du
qu’'elle a été présentée une premidre fois, temps et la poussée aoit &tre contrdlée
en 1988, aux Pays-Bas, en Grace, en Turquie (avoir un profil donné) pendant le

et aux Etats-Unis d’Amérique puis une fonctionnement du moteur. La poussée est

deuxiéme fois, en 1989, au Royaume Uni, en 11ée A 1a pression dans le moteur par la
France, en Allemagne et en Italie. Une part relation :
conséquente de cette série de conférences

était, bien entendu, consacrée A 1a F = Cer.P.AY

conception des chargements de propergol

solide. La question de la combustion des F : poussée

propergols, qui est au coeur du principe de Cr:coefficient de poussée de la tuydre
la propulsion par moteur a propergo}l P :pression & 1'intérieur du moteur
solide, y était traitée, mais pas en Ar: aire de la section droite du col de
détail. Divers points étaient abordés tels tuyére

que + la combustion normale ctationnaire,

1'allumage, la combustion instationnaire, La pression instantanée dans le moteur est
la combustion é&rosive, les instabilités de le résultat de 1'équilibre de flux gazeux
combustion, etc... De nombreux auditeurs de entrant et sortant :

la Série de conférences LS 150 ayant

souhaité obtenir des compléments - un flux entrant da & la combustion du
d’information sur ces sujets, le Comité chargement de propergol,

Energétigue et Propulsion (PEP) de 1’AGARD

a proposé de consacrer une série entiére de - un flux sortant di A 1'éjection des
conférences A cette question de la produits de combustion a haute
combustion des propergols solides. Cette température au travers de la tuydre.
proposition a été approuvée par le Conseil

des Dé14gués Nationaux (NDB) de 1’AGARD, Cec1 peut s’éc~ire ainsi

puis organisée par Plans et Programmes de

1"AGARD en relation avec le Comité 8/ = P.Co.Ar

Energétique et Propulsion.
{ :masse volumique du propergol

C’est 1A 1'origine de 1a série de S :aire de 1a surface de propergol an
conférences LS 180 qui est une suite utile combustion
de 1a série de conférences LS 150 (on Vc: vitesse de combustion linéaire du
pourrait aussi envisager, dans le méme propergc}
esprit, d'autres séries de conférences P :pression interne
spécialisées, par exemple sur les Co: coefficient de débit de la tuyeére
propriétés mécaniques et le dimensionnement Av:aire de la section droite du col de
mécanique des chargements de propergol tuyére
solide, ou encore sur la technologie des
Jets de propuliseur). Cette équation ne peut 8tre écrite et ne
correspond & un régime stable que s8i 1’on .
2. ROLE DE LA COMBUSTION DANS LE fait 1'hypothése que :
FONCTIONNEMENT DES MOTEURS A PROPERGOL ¢
SOLIDE - le propergol brGle en "couche [
paratlldle”, ce qui signifie que le front
La combustion est le phénoméne central du de combustion régresse paralidlement A
fonctionnement des moteurs A propergol lui-méme & une vitesse dont le vecteur :
solide. C’est 1’étape ol 1a matidre est normal au front (combustion N
condensée (solide) est transformée en normate); :
produits gazeux & haute température.
L’énergie "potentielle” contenue dans le - 1’augmentation relative de la vitesse de
propergol se change en énergie thermigue combustion avec la pression est moindre
puis, gréce & une tuyére, en énergie que 1’augmentation relative de cette
cinétique du mélange des gaz de combustion. derniére.

Plus la température de ce mélange est

élevée et plus 1a masse moléculaire moyenne Ces questions sont au coeur de celles qui
de ce mélange est faible, plus le propergol sont traitées au cours de cette série de
a une impuision spécifique élevée. conférences.

L’impulsion spéacifique d’un propergol

(impulsion fournie par 1'unité de masse de LES PROPERGOLS SOLIDES DOIVENT BRULER EN
propergol dans des conditions données) est COUCHES PARALLELES.
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LA VARIATION RELATIVE DE LA VITESSE DE
COMBUSTION DOIT ETRE PLUS FAIBLE QUE LA
VARIATION CORRESPONDANTE DE LA PRESSION

su~-deld de ces spécifications de base, de
numbreux autres phénoménes doivent é&tre
connus, maitrisés et controélés, Les moteurs
4 propergol solide doivent &tre
performants, sirs et fiables. I1 faut
disposer de méthodes de prédiction du
fonctionnement des moteurs sires et
précises., Ces besoins nécessitent une
connaissance apprcfondie des phénoménes
1hés & 1'atlumage, & la combustion
instationnaire, a4 la combustion érosive,
aux Instabilités de combustion, a la
transition de la déflagration vers la
détonation. ..

3. COMBUSTION EN COUCHES PARALLELES

En 1991, i1 semble évident que les
propergols solides br(lent en couches
paralléles. Cela n'a pas été toujours le
cas, et i1 faut bien avoir A 1'esprit que,
méme de nos Jours, un mode de combustion
dégradé par rapport au mode nominal peut
induire des effets extrémement néfastes,
tels que la transition déflagration
détonation.

Jusqu'en 1884, le propergol solide unique
était la poudre noire. Ce propergol, méme
fortement compacté, ne peut briler
complétement en couches paralléles dans un
canon, De plus, il crée bsaucoup de fumée
at sa force est 1imitée. Au milieu du 19&me
siécle, 11 est apparu que 1a nitrocellulose
pouvait &tre un propergol (une poudre) trés
1ntéressant: de nombreux programmes d’essai
ont été wmenés & cette époque afin de
1’utiliser pour propulser les projectiles
dans les canons. Sa force est trois fois
supérieure a celle de la poudre noire et
elle est sans fumée. Mais, méme compacté,
ce produilt ne brGlait pas réguliérement et
ce comportemant 1rrégulier entrafnait
1’explosion de nombreux canons.

En 1884, Paul VIEILLE a découvert comment
gélatiniser 1a nitrocellulose en la
mélangeant intimement avec un mélange
éther-alcool puis en é1iminant ce solvant,
aprés malaxage et mise en forme de grains
ou de bandes. Au lieu d'un matériau a
structure fibreuse, la nitrocellulose
traitée ainsi avait une structure compacte
et non poreuse qui conduisait & une
combustion en couches paralldles. C'était
la naissance des poudres & simple base.

A peu prés a 1a méme époque, Alfred NOBEL
découvrait que la nitrocellulose,
travaillée mécaniquement avec de la
nitroglycérine A des températures
supérieures a la normale, se transformait
aussi en un matériau compact et non poreux.
C’était la naissance des propergols a
double base sans solvant dont 1’'épaisseur
peut atteindre plusieurs centimétres.

Au cours du 208me sidclie, de nouvelles
familles de propergol solide sont apparues,
telles que les propergols A doubie base
moulés et, durant la 2&me guerre mondiale,
les propergols composites.

Les propergols composites, A matrice
polymérique chargée par un oxydant et un
combustibie métaliique (aluminium) bralent,
d’un point de vue macroscopique, en couches
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paralldles. Microscopiquement, étant donné

que le matériau n’est pas homogédne, le

front de flamme n'est pas plan et,

strictement parlant, la combustion ne B
s’effectue pas en couches paralléles. ¢

L'épaisseur & briGler de ces chargements de
propergol n’'a pas théoriquement de 1imite
supérieure. Des chargements de quatre
métres de diamétre ont déja été fabriqués.

Comme il a été dit plus haut, une
ccmbustion en couches paralléles n’'est pas
suffisante pour qu’un chargement de
propergol fonctionne correctement. Le
concepteur de chargement doit disposer de
propergols dont il doit pouvoir régler la
vitesse de combustion, La recherche de
performances toujours améliorées implrgue
également une connaissance et une maitrise
de la combustion érosive et des
instabi1lités de combustion.

4. ORGANISATION ET DEROULEMENT DE LA SERIE
DE CONFERENCES

Pendant cette session six orateurs
présenteront huit conférences. Ces orateurs
sont parmi les me1lleurs spécialistes
mondiaux de la combustion des propergoils
solides. Tous sont reconnus comme les
me1lleurs dans leurs pays. Ils ont accumulé
des connalgsances et de 1’expérience au
cours des années et, de plus, 11s possédent
tous la passion de Taire savoir, de
transmettre ces connaissances. A cause de
cette compétence méme, ils ont

d’ importantes responsabi1lités et des
emplois du temps trés chargés. En dépit de
cela, ils ont consacré une part i1mportante
de leur temps A préparer leur(s)
conférence(s). Nous sommes fiers de leur
participation A cette série de conférences
et nous saluons cette réunion de
spécialistes qui est un événement rare,

4.1Phénomdnes de combustion 1iés au
foncticnnement des moteurs A propergol
solide

Alain Dsvenas passera en revue et
analyse~a, du point de vue de 1’'ingénieur,
1’ensemble des phénoménes 1iés A la
combustion dont 11 faut tenir compte pour
pouvoir concevoir et réatiser un chargement
de propergol sclide de bonne qualité. Le
but de cette conférence est d’établir un
1ien entre 1’ingénieur et le scientifique,
entre les problémes pratiques et les
recherches scient1fiques de base. Chacune
des conférences suivantes sera, au moins ¢
partiellement, 1iée A cette premidre
conférence,

4.2Combustion stationnaire des propergols
solides (deux conférences).

Guy LENGELLE et le professeur KUQ
traiteront cette question essentielle sous
ses deux aspects : physique et théorique.
C’est le but de ces deux conférences de
présenter une description détaililée de la
physique des phénoménes 11es & la
combustion stationnaire de diverses !
familles de propergol solide (et aussi de
leurs constituants). Un autre objectif est
de fournir aux auditeurs de cette série de
conférences une description tout & fait &
Jjour des différents moddles de combustion
des propergols double base et des
propergols composites.

[ YR




p o

bl S

4.3 Combustion érosive des propergols
solides

Le phénomeéne de la combustion ércsive est
étudié de plus en plus car la tencance
générale A }’augmentation des per‘ormances
des moteurs A propergol solide induit une
augmentation du coefficient de remplissage
de ces moteurs et donc 1’apparition
beaucoup plus frégquente de 1a combustion
érosive. I1 faut connaitre et maitriser co
phénoméne, de fagon A ce qu’il ne soit plus
cons1déré uniquement comme une contrainte
mais qu’'il soit éventuellement utilisé
fonctionnellement.

Merrill KING passera en revue les travaux
les plus récents relatifs aussi bien a la
connaissance expérimentale, gqu'a la
connaissance théorique de la combustion
érosive.

4.4Effots de fils métalliques sur la
combustion des propergols solides

Plusieurs chargements de moteur A propergol
solide de migsiles utilisent des fils
métalliiques : on peut citer e STINGER et
le SAM 7 qui sont des missiles Surface Air
a4 courte portée. Les fils métalliques sont
utilisés pour augmenter fortement la
vitesse de combustion des propergols
solides ce qu1 autorise 1'usage de
géométries de chargement particulidrement
intéressantes. Merrill KING examinera
1'ensemble des phénomdnes 1iés & ce mode
particulier de combustion et présentera les
modélisations correspondantes. Certaines de
ces modélisations sont relatives au
phénoméne élémentaire, d’autres, couplées &
Ja balistique interne des moteurs,
conduisent & une prévision de 1a pression
et de la poussée du moteur en fonction du
temps.

4.5Instabilités de combustion

Les instabilités de combustion peuvent
avoir dans certains moteurs-fusées des
conséquences trés graves, par exemple, des
surpressions conduisant & 1’explosion de la
structure. Elles sont difficiles & prévoir
avec précision. Les phénomédnes physiques de
base seront analysés par Paul KUENTZMANN.
L’état des connaissances en ce qui concerne
les méthodes de prévision de la stabilité
du fonctionnement sera présenté. Quelques
exemples pratiques seront donnés afin
d’illustrer cette conférence

4.8A11umage et combustion instationnaire

Le professeur KUO passera en revue et
synthétisera la littérature disponible dans
le domaine de 1’allumage des propergols
solides afin de présenter une description
et une é&valuation de 1’état de 1'art en ce
qui concerne 1’allumage des propergols
solides.

Le professeur KUO présentera aussi les
phénomdnes physiques et les modéles 1iés A
la combustion insta*ionnaire. Ce point est
important car i1 peut arriver que la
vitesse de combustion d’'un propergol dans
des conditions tras instationnaires soit
trés différente de la vitesse observée A la
méme pression mais dans des conditions
stationnaires.

4.7 Combustion et sécurité des moteurs &
propergol zolide

Tom BOGGS traitera cette guestion de grande
importance. Le contenu de sa conférence
sera fondé en partie sur le travail
présenté dans 1'AGARDographie 316 "Hazard
studies for Solid Propellant Rocket Moters”
qui sera distribuée aux auditeurs de la
série de Conférences. Une mise & jour des
informations sera égaleiient présentée de
sorte que cette conférer.ce représentera
1’état dos connaissances dans ce domaine
capital.

6. CONCLUSION

Nous conclurons cette série de conférences
d’une part en essayant de synthétiser les
connaissances sur le large sujet de la
combustion des propergols solides et,
d’autre part, en organisant une table tonde
sur le sujet.

Pendant la synthése, nous tenterons de
traiter de maniére informelle guelques
sujets non abordés prenant la série de
conférences et qui seraient d'intérét pour
les auditeurs. Ces sujets pourraient 8tre
choisis parmi les suivants =

- technologie des jets de moteurs a
propergol solide;

- propriétés thermndynamiques des
propergols solides;

- combustion des combustibles solides et
des semi-propergols dans les statofusées;

- calcul de 1'évolution de surface en
combustion d’un chargement de propergol;

- comparaison de la combustion des
propergols pour moteurs-fusées et des
poudres a canon;

- effets du vieillissement sur les
propriétés de combustion, etc...

Pendant 1a table ronde, les conférenciers
traiteront plus en détarl les sujets,
présentés durant leur(s) conférence(s), que
les auditeurs voudraient voir approfondir.
Ensemble, nous tenterons également de
mettre en évidence les domaines ou les
connaissances ne sont pas & un niveau
suffisant pour satisfaire les besoins de
prévision du fonctionnement, des
performances, de sécurité et de fiabilité
des moteurs A propergols solide.
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PHENOMENES DE COMBUSTION RENCONTRES
DANS LE FONCTIONNEMENT DES PROPULSEURS
A PROPERGOL SOLIDE
Alain Davenas
SNPE -~ Division Défense Espace
12, quai Henri IV - 75181 PARIS CEDEX 04

RESUME

La conception et la majtrise du
fonctionnement d’un moteur & propergol
solide & haute performance 1mplique une
connaissance approfondie et 1'é&laboration
de moddles précis de nombreux phénomé&nes
physigques : combustion, interaction de
1’écoulement i1nterne avec la combustion,
instabiiités, formation du jet... dans
lesquels les caractérist.ques de combustion
du propergol jouent un réle wmportant.

L’améljoration de ces moddles et les
connaissances d’origine expérimentale de
nombreuses anomalies balistiques permettent
aujourd’huir au concepteur d'un nouveau
moteur de prédire ses performances avec une
précision de 1’ordre de quelques pour-cent.
Les principales difficultés rencontrées
sont toujours 1i1ées A la disponibilité d’un
propergol ayant de "bonnes
caractéristiques” de cinétique de
combustion,

L'imprécision des prévisions balistiques et
les variabi1lités balistiques sont
principalement 1iédes & 1’1nfluence du
procédé de fabrication du chargement de
propergo) sur ses caractéristiques
¢cinétiques.

L*existence et 1'importance des
instabilités de combustion particulidrement
dans la propulsion des missiles tactiques
avec des propergols discrets est
probablement encore aujourd’hui le plus
grand risque rencontré lors du
développement d'un nouveau moteur.

Dans 1'avenir, 1'accent mis sur la
réduction de l1a vulnérabi11té et la
recherche de propergols discrets A& haute
énergie induiront de nouveaux efforts de
recherche sur les caractéristiques de
combustion des propergols et le
développement de nouvelles architectures de
moteurs & sans tuyére, hypervéioces, a
impulsion multiplie...nécessi1tera du
nouveaux efforts de modélisation et
d’essais.

1. INTRODUCTION

Dans cette conférence, nous avons tenté
d’aborder les problémes de combustion
associés au fonctionnement des propulseurs
selon le point de vue de 1'i1ngénieur et du
praticien. Nos collégues présenteront
certainement des approches plus rigoureuses
et plus fondamentales de chacun des
phénoménes évoqués.

D'autre part, 1'état de 1’art que nous
décrivons est bien entendu largement 1ié A
une expérience personnelle dans 1’organisme
et le pays dans lequel nous travaillons.
Dans ces conditions, et également compte
tenu des questions de confidentialité, 11
est certain que cette description pourra
apparaitre, sur certains points, incompléte
pour certains lecteurs ou auditeurs tras
informés. Les discussions pourront
d'ailjeurs 8tre 1'occasion d’enrichir le
sujet avec la participation de 1’auditoire.

Une difficulté consistait & cerner
1'étendue exacte du sujet. Nous nous sommes
inspirés pour cela du contenu de 1’cuvrage
de Kuo et Summerfield (1) et retenu
essentiellement de traiter les
caractéristiques de combustion intrinsdques
des propergols, leur modification
éventuelle selon 1’architecture et le
procédé de réalisation du chargement, la
combustion érosive mars pas ou peu
1'adrodynamique interne qui connait
actusllement d'immenses développements mais
ne reldve pas directement des phdnoménes de
combustion, d’instabilité, et complété
cette présentation par 1’examen des
caractéristiques de combustion l1iées 2
certaines géométries ou caractéristiques
particuliéres de chargements.

2. FONCTIONNEMENT DES MOTEURS A PROPERGOL
SOLIDE

La combustion d’un propergol solide est
caractérisée par la fagon dont la surface
du chargement régresse lorsqu’il brale. La
vitesse de combustion est la distance
parcourue par le front de flamme par unité
de temps, mesurée dans une direction
normale 4 la surface de combustion. Il est
admis que ce front est régulier et qu’'il
progresse dans la plupart des cas dans une
direction normale A lui-méme (combustion
nar couches paralléles). Ceci a &té vérifi1é
expérimentalement, par exemple en procédant
a4 des extinctions & di1fférentes phases d’un
tir et en examinant la surface obtenue.

Le fonctionnement d’un moteur typique
(fig.1) correspond A 1’égalité des débits
gazeux issus de la combustion du propergol
d’une part et du débit éjecté par la tuyare
d’autre part. tLa vitesse de combustion et
la pression interne ou pression de chambre
pe sont alors reliés par

>.gv
. Ly A
ol 8 est 1’aire de la surface en

combustion, Ar 1’aire du <ol de la tuyere
et Co le coefficient de débit de la tuyere.

Pc =

Le paramdtre K =5/Ajappelé serrage est un
paramétre important pour caractériser le
fonctionnement interne du moteur.

La vitesse de combustion du propergol est
une fonction de la pression

v = f(p)

Dans un intervalle de pression, elle peut
souvent &tre représentée par une l1or (lo
de Saint-Robert) du type :

v = ap"
de sorte que =

pr-t = § ;iél
Cohy
ce quy montre que dés que 1’évolution de
surface est connue 1’évolution de la
pression est déterminde. Des codes bi et
tri .imensionnels ont été développés pour
calculer cette évolution géométrique.
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Certains codes peuvent prendre en compte
une vitesse de combustion variable en
fonction du temps et de 1'espace, ce qu
permet de tenir compte d’anomalies
balistiques gui seront décrites
ultérieurement (2),

L’effet de la température sur la vitesse
de cownbustion et donc sur les 10s de
pression et de poussée est caractérisé par
deux coefficients :

T, -4 bV caractérise la sensibilité du
K ~vi3B j moteur (K constant)

Tp= 1L{dV) caractérise la sensibilite du
ViR

propergol (p constant)

I1 est facile de démontrer la relation

TTk ::.Ilh..
f=n

entre les coeffic-ents de température. On
constate qu'un exposant élevé a des
conséquences néfastes car les
spécifications de propulsion imposent
généralement des variations réduites de ia
durée de combustion du moteur.

Nous verrons ultérieurement que des
exposants élevés conduisent également A des
valeurs élevées de la réponse acoustique du
propergol qui aggraveront la sensibilité du
moteur 1'utilisant aux instabilités de
combustion.

11 n’est donc pas étonnant que 1’1ngénieur
chargé de 1a conception du moteur souhaite
disposer d’exposants de pression les plus
faibles possibles et que le formulateur

demande aux chercheurs sur les mécanismes
de combustion de 1’airder dans cette tache.

3. LES FAMILLES DE PROPERGOLS SOLIDES ET
LEUR CARACTERISTIQUES DE COMBUSTION

3.1 Les propergols

Six familles de propergols sont aujourd’hu
principalement utilisées industriellement.
Elles sont décrites en détail dans des
ouvrages spécialisés (3)

- Les propergols double pase extrudés ou SD
(sans dissolvant) en frangais dont les
principaux ingrédients sont la
nitrocellulnse et la nitroglycérine.
Aprés imprégnation de la nitrocelluioses
par la nitroglycérine, généralement dans
1'eau, qui conduit & une pAte ou galette,
la composition est élaborée par malaxage
avec des additifs, laminage et extrusion
sous forme de bloc. Les procédés modernes
utilisent 1’extrusion continue avec des
machines bivis.

- Les propergols double base moulés
(Epictete en frangais) ont des
compositions analogues mais sont préparés
par gétatinisation d'une poudre & mouler
& base de nitrocellulose el contenant les
additi1fs préalablement préparés par un
mélange riche en nitroglycérine.

tes propergols SD et E£pictéte sont
souvent appelés homogdnes car les espaéces
oxydantes et réductrices sont contenues
dans la mé&me molécule.

~ Les propergols double base peuvent étre
chargés avec des charges énergétiques
telles que 1’hexogéne ou 1'octogéne (en
frangais Nitramites) ou d’autres charges
énergétiques telles que perchlorate
d’ammonium (PA) ou aluminium. Ce sont des
double base composites.
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~ Les propergols du type double base moulés
peuvent é&tre modifiés par réticulation de
la nitrocellulose, éventuellement
conjuguée avec un polymére hydroxylé
polyester ou polycaprolactone.

Ces quatre familles peuvent 8tre chargées
avec des solides énergétiques;
aujourd’'hur pratiquement seulement des
charges de type CHON sont utilisées ce
qul leur confére des caractéristiques de
discrétion, ou de "fumée minimum” du fart
que les espéces condensées dans les
produits éjectés sont en concentration
faible dans la plupart des conditions
atmosphériques rencontrées.

- Les propergols composites sont basés sur
un liant non énergétique, généralement
hydrocarboné (typiquement de type
polybutadigne) et sur le perchlorate
d’'ammonium auquels sont éventuellement
ajoutés une poudre d'aluminium et
éventuellement des ingrédients
énergétigues tels que 1'hexogéne ou
1’octogéne. 1l1s sont fabriqués par
malaxage des charges avec les ingrédients
Tiquides du liant, coulée ou injection et
cuisson. Les propergols sans aluminium
sont A& "fumée réduite” 1T n’y a
formation de fumée que dans certaines
conditions d’humidité et de température
ambiante qu1 permettent la condensation
de 1'eau avec le gaz chlorhydrique
résultant de la combustion du
perchlorate.

- Les propergols A haute énergie sont des
composites basés sur un liant énergétique
généralement plastifié par un ester
nitrique ou un métange d’esters
nitriques. Les charges sont en général
tout ou partie des suivantes : hexogéne,
octogéne, PA, alumintum conférant suivant
le cas des caractéristigues
d’indiscrétion totale, de fumées réduites
ou de fumées minimales.

A cOté de ces principaux composants, les
compositions de ces propergols peuvent
contenir divers ingrédients 4 faible taux
tels que : stabilisants, catalyseurs
balistiques, additifs anti instabilités,
suppresseur de post-combustion, etc...

Les termes de "fumée rédurte” ou de "fumée :
minimale” employés précédemment ne sont

évidemment pas suffisants pour permettre de

classer ou de comparer des propergols entre

eux et vis-a-vis des applications. un .
groupe de travail de 1'AGARD (4) a élaboré .
une méthode afin de permettre des

comparaisons entre des propergols élaborés

dans différents organismes et différents

pays. L'idée de base de la méthode est de

caractériser le niveau de fumée primaire et

secondaire de tout propergol. Pour ne pas \

dépendre des moyens de mesure de la
transmigsion optique dans le jet et des
résultats absolus, la classification
proposée repose sur la comparaison A deux
propergols de référence et le classement
sera basé sur des sanctions du type "plus
que” ou "moins que”.




3.2 Caractéristiques de combustion

La 1imitation des vitesses de combustion
disponibles pour un projet donné est 1'une
des grandes frustrations des concepteurs de
moteurs.

En pratique ces vitesses sont déterminées &
diverses températures avec des petits
moteurs standard d’évaluation balistique.
Ils utilisent, autant que possible, des
chargements conduisant & des courbes de
pression plates et des fins de combustion
sans résiduel pour permettre des mesures
précises.

Des méthodes plus efficaces économiquement
sont de pius en plus utilisées. Elles
permettent d’obtenir v = f(P) sur tout un
domaine de pression a 1’aide de dispositifs
4 serrage variable au cours du tar., La
vitesse de régression du propergol peut
méme &tre mesurée directement par ultrasons
a partir d’une mesure i1nstantanée de
1’épaisseur du propergol inbrulée (5).

PROPERGOLS SD

La figure 2 montre des courbes vitesse-
pression typigues d'un propergol double
base SD. Outre 1’utilisation de
modificateurs balistiques, des noirs de
carbone sont souvent incorporés car 1ls ont
une efficacité i1mportante pour régler la
vitesse de base de la composition s'1ls
sont assoc1és aux modificateurs balistiques
(seuls 11s sont sans effet). Le taux de
noir de carbone est souvent utiiisé
industriellement comme paramétre de réglage
pour réajuster la vitesse de combustion
lors de changements de lots de matiéres
premiéres.

Les autres paramétres influents de la
composition sont bien entendu le taux et la
granulométrie des catalyseurs balistiques,
Méme 81 des spécifications étrortes
relatives & la granulométrie ¢t la surface
spécifique des catalyseurs existent, 1) est
souvent nécessaire lors d’un changement de
lot de ces ingrédients critiques de
procéder & une nouvelle qualification de
1’asortiment de matieéres premiéres a
utiliser en producticn pe des fabrications
et des tirs de blocs standard en faisant
varier un paramétre de réglage. Lorsque les
spécifications balistiques sont
particuliérement pointues, 11 peut é&tre
nécessaire d’aller jusqu'au tir de
vérification d'un moteur témoin avant de
lancer la production.

Les paramétres du procédé ont également une
influence importante sur le niveau de
vitesse et sur le coefficient de
température, dans la mesure ou 11s agissent
sur 1'homogénéité de la dispersion des
catalyseurs et sur 1’état de gélatinisation
des propergols. On peut ainsi observer une
nette 1nfluence du temps et de la
température de laminage sur la diminution
de 1’expnsant de pression et 1’apparition
du plateau,

ro 4 -, moul

Les moficateurs balistiques utilisds sont
analogues, par contre 1’influence cu
procédé passe par un mécanisme différent :
e paramatre le plus i1nfluent est celui de
la gélatinisation de la poudre A mouler
lors de son élaboration en fonction du taux

et de la nature du solvant utilii1sé, Le
solvant de moulage utilisé pour
1’élaboration du propergol aura plus ou
moins de faci11i1té & dissoudre le grain de
poudre A mouler selol la fagon dont 11 a
&té préparé et cela a de grandes
conséquences sur les caractéristiques du
propergol obtenu A composition finale
1dentique.

Le réglage i1ndustriel passe donc
généralement par la réalisation de lots
témoins ou partiels de poudre & mouler A
partir desquels sont réalisés des blocs
standard qui sont ensuite tirés. A partir
de mélanges de ces partiels, on pourra
alors réaliser un lot de poudre a mouler
qul sera & nouveau testé. Un 1ot de base
pour la production industrielle pourra
alors étre constitué. On congoit que cech
entraine des cycles extrémement longs pour
le réglage et la production de ces
propergols et des coats élevés. Il n’'a
malheureusement pas été possible d'établ-r
des abaques permettant & coup sar d’obtenir
les bonnes caractéristiques balistiques a
partir de partiels de caractéristigues
connues.

Une autre particularité de ces propergols
est la possibiiité de mélanger des poudres
a mouler de caractéristiques voiontairement
différentes ce qui permet une adaptation
des caractéristiques cinétiques et
balistiques, Ceci est en particulier
réalisé pour 1'incorporation d’additifs
antilueurs (suppresseurs de la post
combustion), Ceux-c1, généralement des sels
de potassium, s'ils sont incorporés
directement, 1nterférent avec les
mécanismes de platonisation par les
modificateurs balistiques. Par contre, un
mélange de certaines proportions de poudres
4 mouler, 1'une contenant seulement les
additifs balistiques, 1’autre seulement
1’agent antilueur, permet de conserver les
caractéristiques cinétiques initiales. Il
est méme possible d’aller plus loin et
d’incorpdrer une troisiéme poudre & mouler
ne comportant ni addit1f balistique, m
additif antilueur, sans que les bonnes
caractéristiques cinétiques soient
modifiées alors que bien entendu la
discrétion et 1’énergie disponible sont
augmentées. Ses proportions peuvent méme
étre utilisées comme paramdtre de réglage
du second ordre pour ajuster
industriellement la vitesse de combustion.

r rgol os1i

La vitesse de combustion des propergols
composites au perchlorate d’'ammonium est
essentiellement contrdlée par la
granulométrie de celui-ci, les plus fines
conduisant aux vitesses les plus élevées.
Elle croit aussi avec le taux de PA. Un
grand nombre de variétés granulométriques
sont donc utilisées industriellement pour
ajuster la vitesse « des variétés de
granulométrie moyenne 400, 200, 100, 10, 3
et 1 micron sont généralement utilisées.

La vitesse peut &tre également modifide a

1'aide de catalyseurs de combustion, Le
chromite de cuivre et 1'oxyde ferrique sont
utilisés depuis longtemps. Pour accéder A
des vitesses plus élevées, il est
nécessaire de pouvoir introduire 1'élément
actif en concentration plus élevée et sous
une forme plus active. Des dérivés liquides
du fer ont donc été mis au point (dérivés
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ferrocéniques). Il1s sont i1ncorporés au
Tiant. L’utilisation simultanée de
perchlorates ultrafins conduit aux
formulations aux vitesses les plus élevées
dans la pratique industrielie. Le fait que
les plastifiants ferrocéniques peuvent
migrer pendant le vieillissement du
propergol a conduit a la mise au point de
prépolyméres ferrocéniques qui participent
au réseau réticulé du lirant (6) Les
catalyseurs les plus efficaces sont
probablement les dérivés organigues du bore
(décaborane et dérivés) mais 11 ne semble
pas qu'il y att eu de dévéloppement
industriel conséquent de ces composés a la
synthése difficile et onéruse. De nouveaux
oxydes de fer ultrafins sont aujourd’hui
développs pour concurrencer ies dérives
ferrocéniques mais ceux-ci gardent a priori
deux avantages : 11s modifient peu la
viscosité des pates de propergols et les
variations de vitesse de lot a lot sont
plus faciles a maitriser qu'avec un
catalyseur solide pour lequel la surface
spécifique est un paramétre important.

Les exposants de pression sont généralement
dégradés par 1’utilisation de perchlorates
fins, en particulier au-dessus de 200 bars.
Les catalyseurs de combustion permettent
souvent une amélioration,

L'influence de la présence d'aluminium dans
la composition est généralement due
deuxiéme ordre, sauf dans le cas ou le
propergol est soumis & des accélérations
élevées.

Industriellement, 11 est souvent nécessaire
de procéder & un nouveau réglage de la
vitesse de combusiton lorsqu’il y a
changement de lot des ingrédients les plus
act1fs (particulieremeit PA et catalyseur).
11 est possible d’agir sur la proportion
des diverses granulométries et sur le taux
de catalyseur, s’il y en a (cette derniere
méthode est généralement recommandée)}. Méme
avec les mémes matiéres premiéres des
variations du procédé de fabrication
peuvent influencer la vitesse, par exemple
le temps d malaxage (broyage du PA de
granulométire élevée). Nous verrons plus
loin que le procédé de coulée peut
également la modifier.

La figure 3 résume les plages de vitesse de
combustion des principales familles de
propergols industriels.

Coefficrent de température

Grace aux effets plateau ou mésa, les
propergols double base peuvent conduire a
des coefficients de température trés
faibles. Ceci est généralement d’'autant
plus difficile 4 obtenir que 1’'énergie (le
potentiel) du propergol est élevéde.

Les valeurs deTT}, pour les composites du
PA sont généralement de 1'ordre de 0,2%°
c-1,

r » nous nous bornerons a
Juelques i1ndications.

L’introduction d'une nitramina dans les
propergols double base conduit généralement
& une réduction du niveau de vitesse. Pour
des taux de charges limités (quelques
dizaines de pour-cent) la cinétique de
combustion du propergol est cependant
modifide (fig. 4). Pour des taux élevés

(propergols & heute énergie), elle est
fortement modifiée, le mécanisme de
décomposition de la nitramine 1’'emportant.
Cect est également vral pour les composites
A base de nitramines (7).

4. INFIUENCE DES ECOULEMENTS INTERNES SUR
LA VITESSE DE COMBUSTION

Les produits de combustion du propergol
interagissent avec sa combustion et peuvent
modifier la 101 de combustion.

Dans les tout premiers calculs balistiques
des performunces d'un moteur, 11 est
souvent supposé que la vitese des gaz de
combustion est négliigeable et que
1’écoulement ne s'accélére qu’a 1’entrée du
convergent de la tuyeére pour atteindre la
vitesse du son locale au col., Selon la
géométrie du chargement on peut cependant
calculer des vitesses de 1'ordre de 100 &
150m/s dans le plan de sortie du canal
central aprés a1lumage et pressurisation du
moteur. Deux types de phénoménes
caractéristiques sont rencontrés

- une perte de charge et un gradient de
pression entre 1'avant et 1’arriére du
canal central,

~ une augmentation lcoale de la vitesse de
combustion due a la combustion érosive.

Le moment le plus critigque dans le
fonctionnement d’un propulseur intervient
donc juste aprés 1’allumage, zlors que
1’ensemble est pressurisé et yue les
sections de passage par lesqielles les gaz
doivent s’'écouler sont minimales (fig. 5).
Dans certains cas des differences de
pression avant-arriére e plusieurs MPa ont
été rencontrées.

Au stade de 1'avant-projet, 11 est
nécessaire de guartifier de fagon rapide et
simple 1’1intens14é probable des effets
d'écouiement e tableau I ésume les ordres
de grandeur des principaux paramétres
influents « Kp et J et es effets
correspondants observés

J = %;f ol Kp est le serrage

local dans une section considérée du canal:
rapport de cette section & 1'aire de la
surfece de combustion en amont de celle-ci.

KP est 11é au débit masse unitaire G =
G = e v Kp

J donne une 1dée de la vitesse maximale
des gaz (on a approximativement J=M, nombre
de Hach, dans la section de sortie du
canal) et des difficultés de balistique
intérieure susceptibles d'étre rencontrées.

Des valeurs élevées de J et mé&me J=1
(moteur sans tuyére) peuvent &tre utilisées
si la géométrie du bloc est adaptée a =

- des gradients de pression élevés;
- une combustion érosive dlevée;
- une phase d’'allumage délicate.

» 1’augmentation locale
de la vitesse de combustion due &
1’écoulement tangent 3 la surface du
propergol par rapport 4 la vitesse mesurée
sans écouleme.t important est appelée
cumbustion érosive. La valeur de Kp du
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chargement donne une 1dée du risque de
combustion érosive. Ce phénoméne est dG &
un accroissement des transfarts de chaleur
de la zone de flamme a la surface de
propergol. De nombreux moddles physiques
ont été élaborés pour représenter et
quantifier le phénoméne (8) (9).

Les modéles monodimensionnels sont
généralement assez bien adaptés pour le
caicul de la balistique 1nterne de
chargements tactiques ayant des L/D élevés
avec une section de canal central peu ou
lentement variable suivant 1'axe. La
précision de ces moddles (environ 5% sur la
pointe de pression 4 1’allumage) permet de
définir des chargements avec des J élevés
et une combustion érosive importante dans
la partie a-1&re du canal. Les modéles bi
et surtout tridimensionnels i1ncluant la
combustion érosive sont beaucoup moins au
point et d’une utilisation difficile.

Des modéles prédictifs satisfaisants
existent aujourd’hul pour les propergols
composites mais 11s manquent encore
relativement pour les propergols contenant
des nitramines qui paraissent nettement
moins sensibles & la combustion érosive.

La combustion érosive est souvent
rencontrée dans les moteurs tactiques en
raison de leur élancement et de
coefficients de remplissage élevés. Elle
est souvent considérée comme un probléme ou
une contrainte du dimensionnement.
Réciproquement, 11 y a de plus en plus de
cas ol la combustion érosive est utilisée
dans le dimensionnement pour mieux
satisfaire les spécifictions de propulsion,
En général de fortes poucsées initiales
sont recherchées et l1a combustion érosive
peut fournir le supplément de poussée que
la surface initiale ne peut fournir a elle
seule.

5. PREVISION DES CARACTERISTIQUES
BALISTIQUES, ANOMALIES ET DISPERSIONS
BALISTIQUES

Les caractéristiques cinétiques mesurées
lors de tirs de petits propulseurs standard
doivent souvent &tre corrigées de quelques
pour-cent lors d’un changement d’échelle du
moteur. Le procédé de fabrication et ses
variations peuvent également avoir une
certaine influence sur les caractéristiques
de combustion du propergol., Ces facteurs
doivent 8tre pris en compte pour une bonne
prévision des caractéristiques balistiques
d’un moteur.

L'erreur possiblie sur la l1oi de vitesse de
combustion réelle du propergol dans le
calcul balistique d’un nouveau chargement
est probablement le facteur qui a le plus
4’influence sur 1a prévision de la loi de
pression ou de poussée du moteur qui
1'uti11ise. L’expérience préalable accumulée
lors du développement de moteurs de
configurations variées est importante pour
recaler les prévisions si bien que les
données correspondantes sont souvent
gardées confidentielles par les sociétés
qui développent de nouveaux moteurs.

Nous examinerons A présent trois types
d’anomalies balistiques susceptibles de
modifier 1a prévision {ssue d’un calcul
"naif” et souvent rencontrées dans la
pratique.

E T A RS e <RI A

gffet de bord - Celui-cy peut 8tre
particuliédrment mis en évidence lors du tir
de blocs pleins en combustion frontale dans
lesquels apparait une progressivité
inattendue de la pression au cours du tir.
Des extinctions en cours de tir font
apparaitre une augmentation de la surface
de combustion qui s'explique trés bien par
un accroissement de la vitesse de
combustion au voisinage de 1’1nhibiteur
entrainant une formation progressive de
cbne.

Cette modification locale de la vitesse
peut avoir de trés nombreuses causes,
certaines spécifiques aux blocs brulant en
combustion frontale, d'autres qui peuvent
se retrouver dans tous les types de
chargements.

Les principales causes peuvent &tre les
suivantes

- plus forte concentration de particules
fines au voisinage de 1'interface
(perchlorate fin, catalyseurs
balistiques, etc...);

- migration d’ingrédients liguides du
propergol dans la protection thermique et
modification locale de la composition =
augmentation locale du taux de charges
solides dans les composites, migration de
1’ester nitrique dans les propergols a
double base;

- échauffement du propergol par conduction
des matériaux au voisinage de 1’interface
lTorsqu’il existe des i1nterstices
alimentés par les gaz de combustion.

- L'analyse des courbes
de pression et de poussée en fonction du
temps de tirs de chargements en propergol
composite montre que le procédé de
fabrication a une influence sur la
cinétique de combustion de propergols
composites. On observe par exemple que les
courbes de pression de blocs standards du
contrdle balistique coulés A oartir du méme
propergol et mis en forme avec noyau en
place ou par noyautage aprés couléde
présentent des différences
caractéristiques. On otserve sur la figure
6 nue la courbe relative au premier type de
bloc présente une bose caractéristique &
mi-épaisseur brulée. on observe en outre
que :

~ & mi-épaisseur la vitesse de combustion
est toujours supérieure de 3 & 7% pour
les blocs mis en forme avec noyau en
place-

- 1’amplitude de 1a bosse de pression n’est
pas fonction de 1a vitesse de combustion
de la composition. Des extinctions ont
par ailleurs montré que la surface de
combustion est dans les deux cas tras
proche de 1a surface théorique : il faut
denc attribuer cet effet & une variation
de Ja vitesse de combustion en fonction
de 1’épaisseur a bruler.

Certaines explications ont été avancées
(10). A 1a coulée des zones enrichies en
1iant se créeraient par strates au contact
du noyau et de la structure dans le cas de
1a migse en forme noyau en place. Les zones
enrichies en liant brGlent moins vite, ce
qui expliquerait que 1a vitesse de
combustion soit fonction de 1'épaisseur
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combustion so1t ‘fonction de 1’épaisseur
brilée, alors que ces strates sont
détruites au noyautage,

Une 1ol de type V2/Vo=f(e) ol e est
1’épaisseur & br(ler peut &tre établie
expérimentalement et utilisée dans les
avant-projets.

1 1 3 -
Des sollicitations mécaniques apparaissent
dans les chargements moulés~collés lors des
cycles thermiques auxquels est soumis le
missile et lors de la mise sous pressic.a du
tir. Dans certaines 2zones de chargements en
propergol composite soumises a des
contraintes internes importantes, une
décohésion entre les charges et le liant
peut apparaitre. Le propergol acquiert
alors une porosité 1nterne et devient
compressible et la vitesse de combustion
est modifiée. La figure 7 11lustre cet
effet sur un brin de propergol étiré puis
inhibé avec un matériau de raideur
suffisante pour maintenir 1'allongement.

Dans ces condtions, si 1'on veut dresser un
bilan de nos capacités prédictives lors de
1a mise au point d’un nouveau moteur, nous
sommes tentés, compte tenu de notre
expérience, de faire la synthédse suivante =
s1 1'on caractérise par exemple 1’erreur
possible sur la prévision a priori de la
courbe de pression d’un nouveau moteur, 11
y a deux cas extrémes en 1’absence de
combustion érosive =

- So1t 11 s’agit d'un propergol déja bien
connu et d'architecture de chargement
ains1 que d’associations de matériaux
d’aménagement 1nterne égzlement bien
connues et testées dans des dimensions
analogues. Dans ce cas, 1'écart entre
pévision et tir peut ne pas dépasser 2%.

- Soit 11 s’agit d'une architecture tras
nouvelle et d'assemblages de matériaux
également nouveaux. Dans ce cas, 1'erreur
de prévision peut atteindre, voir
dépasser 5%.

S$'11 y a de la combustion érosive, il peut
s’y ajouter une erreur de prévision qui
peut atteindre 10 & 15X de la valeur de la
pointe de surpression érosive.

I1 faut cependant noter que d'auties causes
d’erreurs ou de dispersions balistiques que
nous allons examiner & présent peuvent
intervenir. Une présuntation récente (11)
analyse les causes et 1'ampleur des
dispersions balistiques, en examinant
1'1nfluence de divers paramétres sur la
variabilite des durées de combustion. Les
coefficients de variation relatifs a la
masse de propergol, A sa densité, au
coefficient de débit, & 1'aire de col de
tuydre sont relativement faibles. Les
facteurs prépondérants sont :

- la variabilité de la surface de
combustion (variations de géométrie 1iées
au procédé de fabrication : désaxage du
noyau par exemple) qui peut s’exprimer
lors de la prévision d’un premier tir par
1a méconnaissance de 1a surface de
combustion exacte (compte tenu des
refroidissements, déformations, etc...)
aprés cuisson du chargement;

- les variabilités sur l1a vitesse de

trouvent leur source dans les variations
des matiéres premidres et du procédé de
abrication.

6. INSTABILITES DE COMBUSTION

Le phénoméne d’instabilité de combustion
peut se produire lorsque des perturbations
excitent les modes acoustiques de la
chambre de combustion, Des facteurs
d'amplification ou d’amortissement vont
intervenir : écoulement, particules
condensées dans les gaz, tuyére, etc...qu?
peuvent conduire A une aggravation ou une
atténuation du phénoméne. Ce phénoméne peut
se traduire par des vibrations de pression
et une augmentation de pression moyenne
qut, dans certains cas, peuvent atteindre
un niveau inacceptable.

Pour établir un bilan sur le risque
d’appariticn d’instabiliités, une procédure
en deux étapes est généralement employée
(théorie l1inéaire).

La pression acoustique dans la chambre est
représentée par

N
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Po = pression moyenne

P* = pression instantanée au point M

1= pulsation du mode de rang 1 et de
fréquence f1

1= forme du mode spatial de rang 1

1= coefficient d’amortissement ( 1 1 0)

ou d'amplification ( 1 0) du mode de rang 1

La premiére étape consiste A calculer les
modes acoustiques spécifiques de la cavité
en utilisant généralement des méthodes
d'éléments finis.

La deuxiéme étape consiste & calculer .
Ces calculs doivent utiliser des éléments
décrivant 1a réponse acoustique du
propergol, 1’effet des particules
condensées, etc...

Selon la valeur de , somme algébrique des
coefficients de gain ou d’amortissement, 31
est possible d'apprécier le risque
d’instabil1té. Pour un mode de fréguence
f1, une valeur de 1 supérieure & 0,1 f1
irdique une tendance significative A une
instabilité de combustion, la géométrie du
chargement ou le propergol doivent étre
alors modifiés.

- Le
facteur de gain 116 & la réponse acoustique
du propergol est souvent calculé a partir
de mesures au propulseur en T. D’autres
techniques utilisent la modulation
périodique forcée d’un moteur standard. Ces
dispositifs sont trés limités en fréquence.
Des modéles de la réponse ont été élaborés,
basés sur la description de la zone de
combustion. Culick (12) a proposé
}’expression suivante :

nAB
A+ A\ -O+RA)FAB

R =

ou &

est une fonction complexe de la fréquence

e

est 1’exposant de pression de la loi vzap®
A et B sont des constantes issues d'une

o s o arn o =

AT
Moy

combustion réelle du propergol qui

%}* a1
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analyse physico chimique {(énergies
d’'activation, température de surface...)

P lém i ' il
combust rem bl

Les 1nstabr1i1tés acoustiques sont
généralement classées en deux grandes
catégories » transverses (radiales et
tangentielles) et longitudinales,

~ Les instabilités transverses des moteurs
tactiques en raison de leurs dimensions
ont des frégquences élevées (10000-50000
Hz) et la réponse du propergol est alors
trés difficile & mesurer. Ces
instabilités sont souvent observées avec
des propergols non alumin-sés car ces
modes sont souvent bien amortis lorsqu’il
y a des particules condensées dans les
gaz. Le risque d’apparition de ces
instabilités est difficile & estimer a
priori et des critéres semi-empiriques
doivent étre appliqués.

Généralement un domaine stable pour un
propergol donné peut é&tre caractérisé par
une pression de chambre et le rapport de
la longueur A un diramdtre éguivalent du
canal central,

Les principales "recettes” pour agir sur
les 1nstabilités transverses consistent a
Jouer sur

- des changements de géométrie qui
modifient la fréquence des modes
propres de la cavité;

- un changement de la pression moyenne
pour se rapprocher du domaine stable,

-1'uti1l1sation de structures
amortissantes dans la cavité
résonance, barriéres, etc...;

» tige de

-addition d'une faible quantité de
particules réfractaires (carbure de
s1l1cium, de zirconium, alumine...)
choisies pour fournir 1'amortissement
maximal A la fréquence considérée.
C’est probablement de nos jours le
procédé le plus couramment utylisé car
11 a généralement peu d’'influence sur
la Jo1 de vitesse et le dimensionnement
du chargement.

Nous examinerons & présent des exemples de
chacun de ces procédés.,

Géométrie

Nugeyre et al (13) ont présenté un cas de
couptage acousto-structural dans un
chargement libre en propergol double base
chargée en hexogéne, Ce couplage provoquait
T’explosion du motevr & 1'allumage & -40°
aprés rupture de 1’opercule. Au préalable,
des essals trés satisfaisants avaient lieu
A toutes températures sur un moteur A peu
prés i1dentique : la seule différence étart
un accroissement de 1,4mm du diamétre de la
structure et duy bloc. Aucune des hypothdses
hahituelles ne pouvait expliquer le
phénoméne, Un calcul des modes propres de
la cavité montra que la fréquence du
premier mode transverse était extrémememnt
proche d'un mode propre longitudinal du
solide (860 contre 856 Hz) alors que le
méme calcul sur la premiére définition
conduisait & une différence nettement plus
importante. 11 fut conjecturé gue le
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phénoméne résultait de la rupture mécanique
du propergol vitreux A cette température
par résonance due au couplage du solide
avec les vibrations du gaz dans 1a cavité;
prenoméne amorcé par 1’'ébranlement daG A la
rupture de 1’opercule.

Un essal montra qu'un changement dans Jes
conditions d’allumage permettait d'éviter
17"incident. D’autres essais montreérent
qu’un changement léger de la géopétrie de
1a section étoilée du canal central
aboutisant & un changement des fréquences
des modes propres permettait également de
résoudre le probléme. Les deux remédes
furent finalement appliqués.

Dans un autre cas olu, compte tenu de
1'échelle, des essals sur moteur réel
&tarent également possibles, i1 a été
montré que parmi tous les paramétres
influents possibles, la variation de ceux
relati1fs & la géométrie du bloc avart le
plus d'effet. En particulier une section
étor11ée ayant un nombre de branches i1mparir
était plus favorable pour la réduction des
instabili1tés que la géométrie en ayant un
nombre par (14).

Influence de la pression

L’1nfluence de la pression de
fonctionnement a été systématiquement
étudiée de fagon empirique dans le cas de
chargements de propergol double base,
particuliérement sensibles aux instabilités
transverses., Les fréguences sont liées & la
géométrie du canal central. A serrage
constant, pour un chargement de diamétre
donné O, i1 existe généralement une
Tongueur L au-~dessus de laquelle
apparaissent des 1nstabilités (figure 8).
On peut établir un domaine D, L/D
d’instabil1té que 1’on caractérise par la
dérive de pression nominale: P/P., On
montre également que les pressions Jouent
un rdle important : absentes A pression
élevée, elles appaatrssent en revanche vers
les basses pressions qui correspondent
généralement & la 1imite inférieure de
1'effet plateau. I} et possible de définmir
une pression seull ou un serrage seull au-
dela duquel 11 n'y a plus d’instabilité.

Structur ortl (Résonateur
d'Helmoltz, tige de résonance). La tige de
résonance est le dispositif le pius
utilisé, 11 est constitué par une tige
encastrée 4 1'avant du propulseur gui
occupe tout ou partie de lta longueur du
canal. Les sections rectangulaires ou
cruciformes de ces tiges sont les plus
efficaces elles empéchent ia rotation des
gaz et suppriment les pics de pression,
surtout au début du tir. Ce type de reméde
a été appliqué de fagon souvent treés
empirigue a de nombreux chargements de
propergol double base. Une combinaison de
cette technique avec 1’amortissement par
particules solides a été décrite (15) : la
tige est enrobée de sulfate de potassium
qQu1 joue le double rdéle de fournisseur de
potassium susceptible a’empécher la post-
combustion dans 1'atmosphére des gaz de
combustion et de générateur de particules
solides dans la chambre de combustion.

Amortissement par particules - La figure 9
montre 1'évolution des instabilités de
combustion pour un chargement en propergol
SD dans lequel on incorpore un taux
croissant d’un additif réfractaire dont la

[ —

PR A




2-8

granulométrie a été choisie, compte tenu de
sa densité pour avotir 1’effet
d'amortissement maximal sur le mode
acoustique responsable des instabilités.

7. NOUVELLES COMPOSITIONS, NOUVELLES
ARCHITECTURES, NOUVEAUX PROBLEMES

Dans les trente dermiéres années,
1'évolution des propergols a été
essentiellement caractérisée par la
recherche d'une augmentation des
performances énergétiques et d'une
adaptation des caractéristiques cinétiques
aux spécifications des missions envisagées:
augmentation des domaines de température,
extension des domaines de durées de
combustion, etc...

Au plan des applications militaires depuls
quelgues années, est apparu le besoin
d’accroitre la sureté de fonctionnement et
1a survivabi1iité des plateformes de combat
(bateaux,; avions, chars...) dans 1’ambirance
du champs de bataiile ou dans des
circonstances accidentelles, ce qui
entraine en particulier au niveau des
ensembles propulsifs la nécessité
d’augmenter leur discrétion pour diminuer
la détectabi11té et leur sensibilité aux
agressions telles gque. 1incendire, impact
par fragments ou par balles, détonation par
sympathie.

Au plan de la vulnérabilité, des
améliorations progressives peuvent étre
apportées par des dispositions
compensatoires » systémes de déconfinement
rapide ou structures en matériraux adaptés;
action sur les propergols pour modifier
leurs caractéristiques de combustion -
réduction des vitesses de combustion a
basse pression aprés déconfinement,
etc...mars pour respecter toutes les
spécifications et obtenir des propergols
réellement 1nsensibles 11 est nécessaire
d’agir plus profondément sur la composition
des matériaux énergétiques.

Cec1 est particuliérement vraiy pour les
propergols détonables lorsqu’'ils sont
amorcés par onde de choc que sont les
propergols & fumée minimale du type double
base, nitramites, EMCOB. I1 faut alors
avoir recours a de nouveaux ingrédients
énergétiques quy peuvent sort étre utilisés
pour augmenter 1’énergire des compositions
actuelles, so1t étre utilisés au méme
niveau d’*énergie ou & un niveau inférieur
en amélrorant les caractéristiques de
vulnérabi11té. Ainsi le PAG, polyazide de
glycidyle, nouveau polymeére énergétique
peut &tre uti1118é en conjonction avec des
nitramines : hexogéne ou octogéne ou bien
&tre couplé avec des oxydants beaucoup
moins énergétiques tels que le nitrate
d’ammonium pour augmenter le diamétre
critique des compositions discrétes.
D'autres recherches sont en cours
conduisant & envisager d'autres charges
solides nitrées que 1’hexogéne ou

1’'octogéne. Les caractéristiques de
combustion de ces produits sont tres
nouvelles et les premiers essais montrent

de grandes difficultés & maitriser les
exposants de pression et les coefficients
de température. Ces nouveaux produits
devralent donc relancer les études de
mécanismes de combustion. Par ailleurs,
s'agissant de propergols discrets générant
peu d'espéces condensées dans la chambre,
les problémes d'instabilité de combustion
risquent de se poser & nouveau.

Parailélement, de nouveaux concepts et de
nouvelles architectures de chargement
émergent, dans les applications.

Ces systémes requidrent des propergols
présentant des caractéristiques de
combustion particuliéres et doivent
éventuelliement présenter en plus les
caractéristiques de vulnérabilité réduite
et de discrétion. I1 s’agit en particulirer
des propulseurs sans tuyére, dec
propdlseurs pour systémes hypervéloces et
des moteurs & impuisions mulitip’es ("pulse
motors™).

Propuylseurs sans tuydre - Le principe de
fonctionnement de ces moteurs conduit & une
courbe de pression chambre fortement
dégressive (associée a une poussée
fortement progressive). L’'optimum du
fonctionnement conduit A rechercher un
compromis sur 1'exposant de pression : pas
trop élevé A haute pression au début du
tir, pas trop faible & base pression pour
ne pas avoir une impulsion spécifique trop
faible en fin de tir. D'autres
complications peuvant apparaitre avec la
combi'stion érosive aingy que par suite

la déformation du chargement sous press.on
qulr modifie le serrage.

Propulseurs pour systémes hypervéloces -
Dans ces propulseurs, une 1mpulsion
maximaie en un temps court est souvent
recherchés. L'optimisation du moteur
conduit 4 le faire fonctionner & une
pression moyenne élevée typiquement
comprise entre 150 et 250 bars, domaine
dans lequel la maitrise des exposants de
pression est moins bien assurée.

- Dans ces
moteurs de missiles qui présentent souvent,
apras une propulsion classique, une phase
de vol aérodynamique suivie d’'une impulsion
en phase terminale, 11 serait souhaitable
de pouvoir disposer de trés grandes
vitesses de combustion dans la phase finale
afin de réaliser une combustion frontale,
ces vitesses ne pouvant pas toujours étre .
obtenues avec les propergols classiques i
mame avec 1'utilisation de la combustion
pilotéde par fils.

On voit qu’il y a encore bien du travail *
pour les chercheurs et les techniciens en
matidre de combustion.
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Tableau 1

Effet du rapport d'autoserrage sur la nature et 1’intensité
des phénomdnes dus aux écoulements dans un chargement

<0,2 100 a 150

oul pour v <<20 mm/s

J K Présence de combustion Valeur de 1'écart
érosive de pression &.p
<50 non
50 a 100 oul pour v =< 10 mm/s

Faible dans tous les cas

en général

inférijeure A 5% de p,,
>150 ou1l pour toutes les compositions
Trés importante pour
v == 10 mm/s
<50 non
50 a 100 oul pour Vv < 10 mm/s
Environ 10% de p,,
0,2 a4 0,35 {100 & 150 oul pour v =« 20 mm/s pour J4 = 0,3
>150 oul pour toutes les compositions
Trés importante pour
Ve 10 mm/s
< 50 oul pour v « 10 mm/s
50 a 150 ouil pour v < 20 mm/s
0,35 a 0,5 Environ 16% de p,,
>150 ou1l pour toutes les compositions pour J = 0,4
Trés 1mportante pour
vz 10 mm/s
= 50 Quy 1mportante pour
et de v = 20 mm/s
30 a 150
0,5& ,8 Peut atteindre 40% de p.
=150 oul pour toutes les compositions
Trés vmportante pour
v =10 mm/s
ou La pression dans 1a section
1 Pour Intense pour v < 10 mm/s soni1que est telle que =~
toute - Importante pour v -~ 20 mm/s p 2 0,56 pav
valeur Faible pour v.< 30 mm/s

Pav . pression de fonctionnement mesurée a 1’avant du chargement.
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Figure 2: Courbes vitesse-pression typiques d'un propergol double-base
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Figure 3: Impuision spécifique pratique standard et plages de vitesse de
combustion des principales familles de propergols
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SOLID PROPELLANT STEADY COMBUSTION~PHYSICAL ASPECTS

Guy LENGELLE, Jean—-Robert DUT ERQUE, Jean-Claude GODON, Jean-Francols TRUBERT
Research Scientists, Energetics Department

Office National d'Etudes et de Recherches Aérospatiales
29, Avenue de la Diviston Leclerc

92320 CHATILLON (FRANCE)

ABSTRACT

A review of the understanding of the
combustion mechanisms of solid propellants is
presented. Such an understanding is an
important part of the process carried out to
master the behavior of solid propellants and
to obtain desired characterist.cs (with
respect to energetic level, burning rate
level, sensitivity to pressure and initial
temperature, nature of emitted combustion
products, vulnerability to various
aggressions...).

The propellants and propellant components

considered are -

- double-base propellants, based on
nitrocellulose and nitroglycerin,

- active binder, based on an inert polymer
and a liquid nitrate ester,

- inert binders, such as polybutadiene,

- ammonjium perchlorate,

- nitramines, such as HMX,

- composite ammonium perchlorate-~inert biader
propellants,

- composite propellants based on a nitramine
and an active binder,

- aluminum, with respect to the two previous
types of propellants,

~ additives, when appropriate.

The features of the combustion zone described
are :

- in the condensed phase, the thickness of
the temperature profile and of the
decomposition 2zone, the kinetics of the
decomposition, the energy released, the
nature of the gases evolved, the surface
temperature,

- in the gas phase, the type of flame
structure (diffusion or kinetically
controlled), the possibility of staging (such
as in double-base propellants), the kinetics
of the reaction(s), the energy released, the
flame temperature (primary and final, when
applicable).

It is concluded that a fairly proper
knowledge of the combustion of the various
components and propellants has “een acquired
(to be now extended to new ingredients,
oxidizers or binders). Furthermore, based on
this knowledge, a first approach modeling
description can be achieved, which should be
improved progressively in the next few years.
Such a description can be useful in
accompanying the elaboration of new
propellants and in preparing the
investigation of more complicated regimes
such as those of erosive burning and of non-
stationary response.

INTRODUCTION

Much work has been devoted in various
countries to investigating the combustion
mechanisms of solid propeilants. It is timely
to bring together the information on the
combustion of the individual components as
well as of their combination into
propellants. This review is about the
existing components and propellants : double~
base propellants and active binders, inert
binders, ammonium perchlorate, HMX and the
corresponding composite propellants, ammonium
perchlorate - inert binder (plus possibly
aluminum), HMX (or RDX) ~ active binder.

The viewpoint adopted here is that of the
understanding of the combustion behavior of
propellants. Therefore as much information as
possible is presented about the fundamentals
of the processes (thermal properties,
kinetics in the condensed phase and in the
gas phase...), whereas no attempt 1s made to
establish a complete catalog of practical
results on various propellants with different
particle sizes, catalysts, variations on the
percentage of ingredients.

Some space is taken up by physico-chemical
modeling. The aim is not so much to give the
elements of mathematical descriptions which
could be used for a priori computations of
burning characteristics of propellants (to
the extent that such computations are
possible). The poirt is more to put to test
the hypotheses made on the mechanisms of
combustion by incorporating them  in
reasonable models and confronting the results
thus obtained to experimental data.

These descriptions can also be viewed, along-
side with the data given for each component
or propellant, as useful for coping with the
regimes of combustion which go beyong
stationary combustion that is erosive
burning and unsteady (under pressure
excursions or pressure oscillations)
combustion responses.

The table below gives information about the
various types of propellants of actual use.

Double~base _propellants (made by the

extrusion or powder casting techniques) are
used in anti-tank rockets or missiles and in
Some tactical missiles. Their main advantage
is that chey produce a minimum amount of

smoke (only from a small amount of
additives).

Composite propellants_ based on _ammonium
perchlorate (AP) without aluminum generate
reduced smoke, HCl and H,0 vapor will
precipitate into droplets in the plume under
given temperature and humidity conditions.
They are used for various tactical missiles.
With aluminum, they are widely used in
missiles and space launchers. They produce
alumina smoke, which, in the case of space
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Performances / characteristics of various propellants
PROPELLANT 'COMPOSITION Po g/cm®  JI,(70/1) theor. APPLICATIONS/CHARACTERISTICS
(main (pract.)
ingredients)
iExtruded DB [Nitrocellulose 230 s - Anti-tank rockets and missiles
gitroglycerin 5 1.66 {(« - 10 s) - AS rockets

-~ Some tactical missiles (SA)
inimum smoke

[Powder cast [Nitrocellulose s 225 - Anti-tank missiles
DB itroglycerin < 1.66 (« - 10 8) - Some tactical missiles (AS)
Minimum smoke
P compositefEx : 88% AP - 1.72 « 250 (~ - 10s) |~ Some AS rockets
128 HTPB - Sowme tactical missiles
Reduced smoke (HCl~H,0)
compositelEx : ~ AA tactical missiles
ith 68 AP - 20 al. -] « 1.82 265 (« ~ 20 s) |~ Anti-ship missiles (booster)
aliminum 12 CTPB - Tactical ballistic missiles
- Strategic ballistic missiles

Apogee motors

-~ Boosters for space launclers
(Titan III, IV, Space Shuttle,
riane V...)

Smoky (Al,0;)

composite XLDB binder

IHMX (RDX) or RDX = < 1.75 [< 255 (« - 15 s)|~ Anti~ship missiles {cruise)

- SA missiles
Minimum smoke (without AP)

- Strategic ballistic missiles

composite (upper stages)

ith LDB binder 1.87 273 (Trident, MX...)
aluminum smoky (Al,0;)

ources : r e OSmOS N UU, may 1984, Annales des Mines, jan-feb. 1986,

éronautique et Astronautique, n® 138, 1989.

launchers, could be considered in the future
to be undesirable (along with HCl).

Composite propellants based on nitramines and
an "active" binder (cross linked polymer with
nitroglycerin or other 1iquad nitrate esters)
are used more and more. Without aluminum,
they are in the minimum smoke category and
they replace DB propellants. With aluminum,
they reach the highest specific impulse and
density and are used so far for upper stages
of strategic missiles.

The combustion of the components and then of
the various propellants will be seen in the
next chapters.

A few general references about chemical
propulsion, solid propellants and combustion
can be found at the end of the main text,
ahead of more specialized references
introduced progressively in the following
chapters.

COMBUSTION OF DOUBLE-BASE PROPELLANTS ANL
ACTIVE BINDERS

1. Introduction

It seems appropriate to consider double-base
propellant combustion mechanisms in the first
place because they correspond to relatively
simpler premixed processes which lend
themselves to a better understanding and
because they have been investigated for a
long time (starting in the 1950's) in the US,
USSR, UK, Japan and France in particular.

As will be seen, the mechanisms involved in
the combustion of double-base propellants
will apply as well to the active binders

(« 1/3 polymer, = 2/3 nitroglycerin, or
another liquid nitrate ester).

General background on the combustion of
double-base propellants can be found in
references {1-6].

Double-base propellants are made in a number
of ways. When they are rolled or extruded,
the components ave nitrocelluiose and
nitroglycerin, to which some stabilizers such
as centralite and plasticizers are added.
When they are cast, a casting powder (made of
nitrocellulose, some nitroglycerin, and the
various additives) is swelled within the mold
by a ligquid mixture of nitroglycerin and
triacetin. The grain thus obtained is then
inhibited and used free standing in the
motor. The propellant ingredients can also be
mixed, cast, cross~-linked, and the grain case
bonded.

Depending on the relative amounts of
nitrocellulose and nitroglycerin, the
energetic level of the propellant can be
increased or, in the usual terminology, its
"heat of explosion" or "calorimetric value",
that is, the heat evolved in a calorimetric
bomb by combustion under an inert atmosphere.
One can then talk about "cool" and "hot"
compositions.

H,C-ONO, H  ONO,

W SN AR

H
C ONO, z ONO; C
w,/ b H o
c—¢ —0
] 6 7/
L H NO, H,C - ONO, n
H Nitrocellulose
H,C ¢ ——CH,
dno,  ono, dno, Nitroglycerin
Example of composition : 1100 cal/g

propellant, 52.25% NC, 42.75% NG, 5% others.

[

;
]
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Double-base propellants are used in small and
medium sized rockets and thus exposed to '®
varying ambient temperatures. The sensitivity / /

of the motor operation to temperature depends
upon the propellant burning rate sensitivity =
to both the temperature and the pressure. As
can be seen on Fig. 1, the pressure exponent,
in the ysual empirica’ law v, . p", is around
0.7 and increases to nearly 1 at high
pressure. Super-rate effects (Fig. 2) are
created by the use of additives, most often
lead and copper salts combined with carbon
black. At the end of the super-rate zone, the
burning rate falls back to that of the
control propellant, with the occurence of a
nearly 2zero pressure exponent zone, a

"plateau” effect, or a negative exponent }//
zone, a "mesa" effect. These terms are used ///
1
.
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by analogy with topographical features. A
fairly complete set of results can be found , ot
in reference [6). It is only in these reduced
pressure exponent zones that the propellant
is used to minimize the motor operation
sensitivity to ambient temperature. Due to
this fact, the study of the combustion of

0 50 100 500 1000

Cootpropelant 820 Caliy, 2220

Hot propefant 1100 cavg. 2835K
Vary hot propellent 1250 cavyp, 3110K
Pure nroglycedn 1770 cavg, 3260K

propellants without additives should be (Tompersces computed at equbbrum ot 100 awm)
conceived only as a first step leading to an Fig.1
understanding of modified (that is, wath “vummwmursvsnzssua!uwsoouuz-nsumuum
additives) propellants.
100

¥ A
2. Flame Sstructure N ,@//

i ey,

From the works mentioned previously it is
possible to describe the combustion wave
structure of double-base propelliants, in
particular its chemical processes, see

Fig. 3. The various data will be discussed
and justified later. Gas analysis results are
from reference [7}; they refer to mass
fractions.

/

The propellant components pass unaffected
through a preheated zone of a few tens of
micrometers in a few milliseconds and reach
a superficial degradation zone (or "foam"
zone in the early literature) where the
temperature hecomes high enough for the
molecular degradation to take place,
initiated by the rupture of the C-0-//-NO,

bond. simultaneous recombination occurs so ' ottt p—etem ettt

that a mixture of NO,, aldehydes, but also NO ™ ®ooow %0 100 pam
emerges from the surface and th~ net energy (D coipropenant (@ Cool propetant + 2 pars lead sak
balance of the degradation is exothermic. At + 1 part casbon black
pressures under about 100 atm, a clearly — (@) Hotpropeta (@) Hotpropahant + 1ead and copoer sats
separated primary flame ("fizz" zone) and a + carbon black

secondary flame ("luminous" flame) are — e @ veyrotpopstant (@) Very hotpropetsne + lesd s3n
observed, the first involving NO,-aldehydes

reactions and the sSecond probably NO-CQ g+ 2 SUPER-RATE EFFECTS- DOUSLEBASE PROPELLANTS

reactions. In this pressure range the @ SUPERFICIAL DEGRADATION ZONE ® SECONDARY (LUMINOUS)
secondary flame is too far away to have any (FOAM ZONE)
effect on the surface or even to induce a C O /NGy~ 0467 N0, Noico

temperature gradient into the primary flame.
The burning rate is then entirely under the
infiuence of the latter. This corresponds to
a burning rate/pressure law with a 0.7
pressure exponent (Fig. 1). As the pressure
increases, the secondary flame enhances and
then merges into the primary flame and a
transition is observed to a zone with a
pressure exponent close to 1. When the
secondary flame is fully developed, even at

@ PRIMARY FLAME (FIZZ 20NE)

NO2/ ALOEHYDES
NO/ CARBON

OX preneten
ZONE

pressures for which it does not yet influence SURFACE ‘
the burning rate, the final products (N;, CO, NOz 0238 1
i €O, H,0 and H,) and the final temperature AP
- (2100-3100 K, dcpending on the heat of MO O ,
# explosion) are attained. b N :
The following table gives data relative to f‘,oé g:u
the various zones of the combustion wave. .
CARBONE 0 05, ::
Figures for an 1100 calig propelant. Surface 8nd rmary Aame (a1 11 gtm) mass ¥actions from paé analysie ¢
Fig.3 ZONES N THE OF A DOUBLE BASE - PROPELLANT
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Pressure 10 50 100

atm.

vy, mm/s 1.9 6.7 10.6

Ty K 610 662 685

Preheated

zone, um 140/ 50/55 45/35

{measured/ 1%4

computed)

Rgsxdence

time in

preheated 100 8 3

zone, ms

Superficial.

degradataon 11 3 2

zone jm

Residence

time in

superficial 6 0,5 0,2

zone, ms

Flame

thickness, 200 75 110

um (sececn-

(measured) dary
flame)

Measured results from Zenin

Characteristics of the combustion zones.
3. Condensed phase processes

The preheated zone of a regressing propellant
1s described by the conservation of energy in
a coordinate ( x > 0 in the gas phase)
regressing with the surface :

PpUbCAT/dx = A(A,AT/dx)/dx (1)
in such a way that a temperature profile

(T=To}/(Ty-To) = exp(x vu/dp), )
9p = Ap/PpCp (2)

w1ll progress with the surface into the
propellant. From measurements up to 100°C and
from ignition experiments, representative
average values are taken as :

' 1.6 g/cm®, c, = 0.4 cal/g K,
5.1 107 cal/s cm K
0.8 10°? cm¥/s

L5
[Tt}

Values of the condensed phase properties.
Double~base propellants.

The thickness e.,,q. of the conduction zone
can be taken conventionally as

T(end of cond. zone} - T, = 18 (T, - To)
€cona. = (Gp/Vy) 1n10? (3)
As an example, for v, = 10 mm/s

€cond, = 37um, a thickness through which the
temperature rises from 293 K to about 700K.

The residence time through this conduction
zone 1§ :

Teond, = (dp/vzb) in 102 (4)

about 4 ms in this example; a very short time
for a temperature increase of 400K.

The superficial degradation zon2 has 1its
thickness ruled by the conservation of the
non degraded propellant mass fraction Y,

PpVdep/dx == Pp A, exp (-Ec/RT), (5)

with the decomposition represented by an
Arrhenius law. Numerous investigations by
thermogravimetry, differential scanning
calorimetry, on nitrocellulose, nitroglycerin
and other nitrate esters, as well as on
double base propellants , and ignition
studies [5] result in -

Decomposition order 0, A, = 1 10Vs™!,
E. = 40 kcal/mole

values for the condensed phase degradation
kinetics. Double-base propellants.

The thickness of the degradation layer is
related to the fast drop in the degradation
rate When this rate is 10°? that at the
surface temperature the lower limit of the
reaction layer is reached

exp [- & {1 - AT/T,)] = 107 exp( - &),

& = E./ RT,,

the temperature drop s then

AT/T, = 1/(1 + & / 1ln 10%) (6)
AT « 100 K for T, = 700 K. Such a temperature
drop inserted in eq. (2) gives an estimation
of the reaction layer thickness

€reaction = (dp/vb) in {1 - AT/ (T, - To)l

or taking into account the magnitude of the
reduced activation energy ( & « 30).

€reaction * cond. T./Z'c (T, - To) (7)

For the values taken above, at v, = 10 mm/s
€react *= 2 pm, with an associated residence
time Tepaee Of 0.2 ms.

The summataon of Eq. (5) through the
degradation layer results in :

Pevo(Yp,s = Yp0) = - j Pohc exp(-Ec/RT) dx (8)
Vp - Ac2Xp(=E./RT,) € eaction
= Acexp (~&)(dp/Vy) 1010%(1/&)[Ta/(Ts = To)]

A more rigorous approach [8] (which is almost
identical to a numerical computation [9})
gives :

Vel = (dp/&) Ac exp (-&)/

(1'T0/T. -Q /2 cpTl) (9)
This equation indicates a relation between
surface temperature and burning rate : the
mass flow rate p,v, emitted from the surface
is the result of the decomposition of the
propellant into gases throughout the
superficial degradation layer, Eq.(8). The
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higher the burning rate v,, the smaller the . §
; residence time Tygece. - 1/Vp:, and the higher 900]-5‘:‘(7_70)
! is the surface temperature reached to allow
for the complete degradation of the 1

propellant. b Tpr925°C

).
Traverses with micro-thermocouples (as seen 500 (corrected for radiation
previously the thickness of the combustion /apd losses)

B

w;ve is of the order of tens of pm) allo¥ to
obtain measurements of the surface
temperature [2,3,4,5]. One example is given 3001 Tg2320°C
on Fig. 4. The results from various sources 330
are collected (see [5]) for references), as
burning rate versus 1/T,, on Fig. 5. Also 200+
andicated is the correlation obtained from
Eq.(9). Having in mind the inevitable scalter Pz6atm
in measurements due to the thinness of the Vaz2mm/s
combustion wave, some conclusions can be (4
reached (sce also Refs. [3,10]). The initial jgp y— Thermacouple wire 12pm
degradation of the propellant components is 1
controlled by the breaking of the -C-0-//-NO; 1 Surface
bond (characterized by the 40 kcal/mole 1
activation energy). This is considered to be E
a temperature sensitive only process,
irreversible (therefore not influenced by the 50-
pressure level). It is noteworthy that the 40
kinetics of the degradation is the same from
thermal decomposition (by TG and DSC) at
about 400 K, to ignition from 400 to 500 Kk I
[5] and combustion at temperatures up to
700K. Also important is the conclusion, if

one looks at the details of Fig. 5, that the 204
presence of super rate prnducing additives

does not affect the condensed phase kinetics.

100um

The energetics of the reaction layer is now
to be considered. The initial degradataon of
the propellant, taking into account the
assumed decomposition of nitroglycerin into .
3N0,, 2 CH,0 and 0.5 (CHO);, i thought to !t9+¢ TEMPERATURE PROFILE IN THE CONDENSED PHASE

give (for the example of the 1100 cal/g

T,
w T T

propellant) the mass balance | Burnng rate minvs pn atnis indicated
2

1 propellant —» 0.467 NO, + 0.364 CH,0 + 0.1 \

(CHO), + 0.96 hydrocarbons (10) 2 )

with a corresponding endothe:imic heat of
degradation 10 *

b ”%"hzv
Qa = - 135 cal/g of propellant. i « s’e.
It is thought [5,9,10] that within the ] “‘én e's

1t
[

superficial layer the exothermic reaction
between NO, and aldehydes can start. A ¢ .\? ,.
plausible mole balance (in order to match

various results, in particular the analysis
[7) of the gases emitted from the surface of
regressing propellants) is

iOOI

NO, + CH;0 = NO + 1/2 CO + 1/2 CO; + 1/2 H0 L

1
+1/2 H, (11)

+ 2

with a corresponding exothermic heat of k i
reaction 05 'i '

04 o8 '
Quoz = 1040 cal/g of NO,. o3 ]\ _ i

t 5 Y

Conservation of the species RO; (in terms of 1 K 7”‘ ": 16 7 14 19 "'%"' A
mass faction Y) is written (no diffusion is sk 7 L 625 i 885 s2 500 i
taken into account) e CoMtesponda to Ac #1107 37, B¢ = 40 107 caitmole

Q=100 ey, Ty = 20°C, dp « 09 10° en R
PpVy A¥n02/dX = Y¥yoz,i Pp Ac €Xxp ( -E/RT) '
’ - A Micrameemoooiple ONERA {3190 calg)
Micromemocoupie S
Relerence, mcrohemacougie  KUBOTA
if a first order with respect to the molar + 8036ves, mxromermocouple KUBOTA

- Mgy (PM/RT) Y¥uos eXp(-Ewa/RT)  (12) s
®
°
concentration of NO, is assumed (it will be ®  Mcrotiermocouple NN
o
*
[]

seen that this is probably the case). "Ught pips method” SELEZNEY | Propetant N (reierence)
“Thermal noise method™ ¥
Ty o 120°C )
FPig.$ PYROLYSIS LAW FOR DOUBLE - BASE PAOPELLANTS
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Conservation of energy is wratten

ppvp cdT/dx-a(AdT/dx)/dx = - Qu B
~Qwoz oz (13)

with @&, the rate of reaction of the

propellant, as in Eq. (5), and dy, that of
NO, as in the second term of Eq.(12). The
summation of Egs. (5,12,13) through the
condensed phase to the surface leads to
A aT/dax | s = ppVy (CgTy = GpToQs)  (14)

£ ppvb Qc
Qi 5 Qa + Quoz (¥oz,, — Ynoz,s) (15)

The first equation is the heat balance at the
surface, the heat flux from the flame in the
gas phase allows the heating and pyrolysis of
the propellant. The net heat of decomposition
of the propellant Q, 1s exothermic to the
extent that some NO, reacts exothermically
already in the condensed phase.

From thermocouple traverses such as that of
Fig. 4 and the balance of Eq. (14) the net
heat Q, can be estimated (again scatter
. should be expected) The results from various
sources are given on Fig. 6. The net heat of
decomposition is seen to be exothermic and
increasing with burning rate (due to an
increase in pressure). Summation of Eq. (12)
yields (with Eq. (5) taken into account)

Pp Vo(¥no2,i = Ywoz,s) = Awoz f (p M /RT)

Ywo28¥P({ ~Eyoa/RT) dx

« Awo2 (P/m /RTy) Yoz €XP (-Eno2/RTs)€react.
and with Eq. (8)

Yuoz,s = ¥roz,e - (P M /RT,)

exP(_ElOZ/RT.)/exp( -EC/RTI)

This relation indicates that the amount of
NO, reacting in the condensed phase will
increase with pressure, and thus Q, will
increase, if the reacting rate for NO,
catches up with the decreasing residence time
in the degradation layer,

Treact. - 1/vb2 - 1/eXP ('Ec/RTp)

(due to Eq.(9)). A plausible law is obtained
for a first order NO, reaction with an

actaivation energy Ey,,; between 5 and 10
kcal/mole.

One important feature of Fig. 6 is that the
heat evolved in the condensed phase is not
affected by the presence of additives.

o

4. Flame zonhe

As seen above, the reaction between NO, and
aldehyde starts in the condensed phase in
such a way that the surface gas composition
{7} indicated on Fig., 3 is obtained, with NO,
being significantly less (0.255) as compared
to what results from the initial degradation
of the propellant (0.467, in the case of an
1100 cal/g propellant) and with NO already
present (0.14). The mole balance of Eq. (11)
allows to match as well the gas analysis at
the end of the primary flame ([7],
measurements at 11 atm)

N
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Frg.6 HEAT EVOLVED N THE CONDENSED PHASE
DOUBLE - BASE PROPELLANTS

Il
1°

NO, + CH,0 = NO + 1/2 CO + 1/2 CO; + 1/2 H0
+ 1/2 H, (11)

Quoz = 1040 cal/g of NO,.

It 1s likely that aldehyde-aldehyde reactions
also occur following (again to match the gas
analysis results} :

CH,0 + CHy0 — CO + 1/2 C:H, + H,0 ,

Quie.1 = 389 cal,/g of CH,0 (16)
(CHO), + (CHO), ~ 4 CO + 2 H,,

Qua.2 = ~ 533 cal/g of (CHO), (17)

At low pressure when probably only the
reaction of (11) can take place, an energy
balance between initial temperature and end
of the primary flame yield :

Cq Tep = S To = Qa + Quoz Ywoz,is
p £ 1 atm (18)

since the initial NO, is totally consumed in
the condensed phase and the primary flame. An
evaluation of Tg = 1340 K results. It is
seen on Fig. 7 that measurements with small
thermocouples indicate a large increase with
pressure in the primary flame temperature
from this value. The aldehyde reactions of
Egs. (16,17) do not produce energy in
significant amount. It bas ther been assumed
[5] that the NO already present at the
surface as well as that produced from the
NO,~aldehyde reaction react with the layer of
FM -
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carbon residue attached to the surface which
is observed by direct visualisation under
combustion and after extinction by scanning
electron microscopy.

The NO/ carbon reaction had been investigated
in [11]. If one makes use of the results
obtained, the conservation of the species

carbon can be written as (the carbon layer
regressing wi*h the surface)

vidpe/dx = (M/ M) duo
d’no = = Aposc exp(-Enosc /RT)pcsl,cYI!O p/m '

in g/cm’s

(19)

(this form resulting from the way the data of
[11] is cast), the reaction balance being
assumed to be :

NO + C—=+1/2 N, + CO,

Qnose = 1600 cal/g of NO (20)
and S,,. being the specific surface area of
the carbon (at most 10° cm?® /g). Reference
[11] produces (after rounding Eyosc)

Bposc = 2 107 mole/s cm? atm,
Enosc = 30 kcal/mole

A rough estimate of the amount of N, produced
by reaction (20) through the primary flame is
given by (with h = p, v, the mass flow rate)

Mz, ep = -(1/2) (Me/ Myo) o X

&y being evaluated at average values through
the flame. With p = 11 atm, v, = 0.28 cm/s,
Yy = 0.2, p. = 0.5 g/cm®, Ty = 1400K and

X¢ = 400 pm (from thermocouple measurements)
it is obtained.

Yuz,ep = 0.06

a reasonable value (with respect to the
result of Fig. 3). This tends to indicate
that. the NO/carbon reaction has a kinetics
indeed fast enough with respect to the
residence time allowed in the pramary flame.

An energy balance taking into account the
NO/carbon reaction is written :

Cg Tep = Cp To = Qa + Quoz¥noz,a + Yno,cons. Qmosc

+ Qad Ylld,conn. (21)
(the taking into account of the aldehyde
reaction cools the flame by about 80 K). In
this balance Yyo,cons. iS5 the amount of NO
consumed in the primary flame :

Yao,com. = Ywor,s (Muo/ Mhoz) - Yxo, tp

in the case of the example of Fig. 3 and
taking into account the uncertainty on the
measurements : Yyo,cons. = 0.035 to 0.047 and
Eq. (21) results in Ty, = 1420 to 1475 K, an
admissible value when compared to the results
of Fig. 7.

The temperature profile in the primary flame
is controlled by the conservation of energy
(h = p/vp) [5].

the, dT/Ax ~ A(A/AT/AX) = - Quoz vor

- Quorc By - Qura. Barg. (22)

3-7

¢y = 0.35 cal/g K,
Ay = 1.25 10°%(T/700)%7 cal/em s K
4n = 30 g/mole

Values considered as representative for the
gas phase. Double-base propellants.

The evaluation of the heat flux received at
the surface, which will then control the
burning rate according to Eg. (14), results
from the summation of Eg. (22) through the
flame zone. Only a true numerical evaluation
of the temperature and species profiles will
give the proper heat flux. However
conclusions can be drawn from approximate
relations. The activation energies of the
reactions of Eg. (22) being moderate, the
flame is distributed and an approximation of
the temperature profile is given by :
(Te = T) / (T¢ - T,) = exp( - x/%¢) (23)
which will produce a shape such as that of
Fig. 4.

With Eq. (14)

Ay, AT/dx|, = ¢, = HQ.

2 povy (ST, -~ CpTo - Q) (14)
Eq. {23) yields
Qe = Agu (Tg = TW)/%¢
Xe = kg, (Tp = T,)/0Q. (24)

The summation of Eg. (22) through the flame
results in

fic, (T¢ - T,) + g, = QX (& > 0, average
ra%e)

or with Egs. (14,24), and taking into account
an overall ecuation for conservation of
energy

Cg (Tt -T,) = Qq = Oy
k= [d’g A'g,u (Tf - Tu), / Qc]"
At very low pressure, -« 1 atm, when only the

NO; reaction probably takes place, the
burning rate follows pressure according to,

see Eq. (12},

(25)

h oz ppvy - (B gor)"

- P" exp(~Eyo;/2 RTyp) (26)
a pressure exponent which is indeed observed,
see Fig. 1. As the pressure increases the
NO/carbon reaction takes on more importance
and, Eq. (19),

B = pvp- [P exp (- Eyoa/RTgp)
+ - p exp {-Ewp / RT:p)}H,, (27}

which, with the increase of the flame
temperature with pressure, see Fig. 7,
accounts for the pressure exponent of 0.7.

At higher pressures, above about 150 atm for
the 1100 cal/g propellant for example, a
change in the pressure sensitivity, Fig. 1,
is observed. This tends to indicate that the
Secondary flame, probably characterized by a

v a e
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second order, with respect to pressure,
reaction for NO, comes into the primary flame
and progressively domainates it, with a
pressure exponent, according to Eq (25),
increasing to close to 1.

Results on Fig. 8 for the 1250 cal/g
propellant indicate the temperature
sensitivity of the burning rate defined as

gp = {d 1n v/ dT,) at p given (28)

According to Eq. (27) the burning rate is
under the influence of a premixed flame heat
flux and therefore very sensitive to changes
in the primary flame temperature, in the
pressure domain when the two flames are
separated. From Eq. (21) any change in
initial temperature will affect the primary
flame temperature and therefore induce a
change in burning rate. As the pressure rises
the primacy flame temperature increases (up
to 1800 K) and then for higher pressures
the burning rate comes under the influence of
the final flame (with a temperature reaching
3110 K for the 1250 cal/g propellant). It is
seen from Eq. (27) that a given change in T,
and therefore in T; has a smaller impact on
the burning rate for higher flame
temperatures, that :s for higher pressures,
a tendency observed on Fig. 8.
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F7(. 8 TEMPERATURE SENSITIVITY OF DOUBLE - BASE PROPELLANTS
5. Active binders

Various types of active binders, based on
nitrocellulose or an inert bainder and
nitroglycerin or less energetic liquid
nitrates, can be ured, see reference [10] for
a complete description. The cross-linked
double-base binders (XLDB) will be considered
here, in which the polymer is cured with an
isocyanate after mixing with NG.

Composition : « 1/3 NG, 2/3 polyethylene
glycol. Heat of explosion : 850 cal/g.

Tee = 2000 K. pp = 1.42 g/em".

Cp = 0.46 cal/g K.

A, = 3.9 10" cal/em s K. dp, = 0.6 10°* cm?/s|

Yuoy,i = 0.421. Q4 = - 150 cal/g

Although the burning rates of the different
active binders can be, for a given heat of
explosion, somewhat different at low
pressures [10], above 10 atm the differences
become small , see Fig. 9. In the case of a
double-base propellant and of a XLDB binder
(that of the above table), with nearly the
same heat of explosion, the burning rates for
a large range of pressure are very close,
Fig. 10.

4 vomavs (al 100 atm)
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Measurements for XLDB binders of the
degradation kinetics, of the surface
temperature, of the heat evolved in the
condensed phase, as in Fig. 6. and of the
primary flame temperature, Fig .7, show that
these characteristics are very close to those
of DB propellants.

NC, | CH,Of (CHO),| NO | cO [CO,

H,0 { He

0.31{0.37| 0.08 {0.07}0.03/0.04{0.02{0.08

Gases evolved from the
fractions. XLDB binder (7].

surface, mass

Gas analyris at the surface gives results
which are qualitatively comparable to those

Values for a XLDB binder.

of DB propellants, Fig. 3.
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Modified propeltan: 70 atm

fz | Burning tate (’ln,n/S)
304 —— Cool reference {820 cal /g}

o o s Reference + lead salt

4

{no carbon black)

Moditied propeilant
300 atm.

Fig.11

Py {2
Modified propellant 30 atm  SURFACE
6. Mechanisms of action of additives

The incorporation of a few per-cents of lead
(and copper) salts and carbon black enables
to obtain super-rate effects followed by mesa
or plateau effects in the burning rate versus
pressure laws of double-base propellants,
Fig. 2, as well as of active banders, Fig.10,
although in the latter case these effects are
much less pronounced.

what is thought to be the mechanism of action
of the additives has been presented in
references [5,6] by ONERA and recently in
reference [12].

It has been found that the active part of the
lead salt is the oxide of lead which
accumulates above the propellant surface,
after the salt has been trapped in the carbon
residue layer which can be observed immersed
in the primary flame (the d&ecomposition
kinetics of the salt is slower than that of
the propellant components and it Lhus emerges
from the surface unchanged). 1f the
propellant (when its heat of explosion
increases) or the active binder naturally
produces less carbon residue, then the lead
salt particles are in large part ejected from
the surface and cannot act. This is the case
probably when the amount of nitrocellulose is
reduced (hot double-base propellants) or
almost absent (XLDB binders). In the latter
case however the inert polymer leaves some
carbonaceous residue. Addition of carbon
black is probably favorable because it
accumulates on the surface in the naturally
produced carbon layer.

It has been found that PbO reacts
preferentially with aldehydes to form carbon
and CO,. It has been observed systematically
[{6] that there is a relation between the
amount of carbon residue and the importance
of the super-rate observed (for example,
depending on the fabrication process

solventless extrusion, powder casting,
mixing). It was seen that the primary flame
is due to an NO,~aldehyde reaction. But NO
starts to react with carbon as well close to
the surface 1leading to the increase in
primary flame temperature of Fig. 7. It is
believed that the extra carbon produced in
the presence of additives enhances the NO/C
reaction (see ref. [12) for more results on
this reaction), depositing extra energy in
the primary flame (an increase in primary

T
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STRUCTURE OF A CATALYZED PROPELLANT

flame temperature is observed in the presence
of additives [5]) and resulting in a higher
heat flux to the surface, and thus a higher
burning rate.

Figure 11 shows surface structures of a cool
propellant with a strong super-rate and a
corresponding thick carbon residue. In this
case, visuvalisation shows that a physical
effect occurs in which the secondarxy luminous
flame attaches in streaks to the carbon layer
and deposits its high temperature (e« 2200 K
as compared to the « 1400 K of the primary
flame) closer to the surface. The abrupt end
of the super-rate, the mesa effect, is
believed to be due to the too thick carbon
residue being expelled from the surface. At
the end of the mesa effect the surface is
almost clean of carbon.

In the case of hot propellants, Fig. 2, the
super-rate is probably due only to the
chemical effect of the enhanced NO/C
reaction., As the pressure increases the
secondary flame, where NO will react anyway,
merges  into the primary flame and
progressively the modified propellant is
caught up by the reference propellant, a
plateau effect thus resulting.

In the high pressure domain when the flame
system has reduced to one overall flame, a
second super-rate occurs {when only lead salt
or oride is added), see Fig. 11 for the cold
propellant and Fig. 2 for a 1250 cal/g
propellant, This effect seems to be purely
physical, related to the presence of lead
oxide particles accumulating and imbedding
into the surface, Fig. 11, with for example
an enhancement of the thermal conductivity of
the flame zone or a flame holder effect (the
protruding particles perturbs the flow from
the surface). At higher pressures and burning
rates the thickness of the condensed phase
heated zone and reaction layer and flame zone
becomes go small that the particles will not
attach to the surface or will be too large to
perturb the combustion process.
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PYROLYSIS OF INERT BINDERS

A number of books and works has been devoted
to the behavior of polymers, whether or not
usable as binders, under thermal lcads,
references [13-17]. Much work has been
carried out with thermogravimetric analysis
(TGA) or differential scanning calorimetry
(DSC) with heating rates at most of the order
of 1°C/s. Under linear pyrolysis (for a
binder within a solid propellant) the rate of
temperature increase is of the order of 10°%
*C/s. It is far from obvious a priori that
the degradation kinetics will remain the
same. In Ref. [8] it was attempted to
establish that this is indeed the case for a
number of polymers.

Although it 1s hardly a propellant binder
Teflon is an interesting reference polymer.
Its degradation kinetics (obtained by TGA)
and thermal properties [8) ( A, = 6.34 107
cal /cm K8, pp = 2.1 g/cm®, ¢, = 0.25 cal/g
K) are indicated on Fig. 12. In order to
extrapolete these characteristics to the
regime of linear pyrolysis (obtained
experimentally by pressing the sample on a
hot plate) tha procedure of reference [8],
also explained in the condensed phase
paragraph of the double-base propellants
chapter, 1s applied. In the case of a first
order (with respect to the non degraded
polymer) reactior the relation between
regression rate and surface temperature is
(again, numerical computation shows this
relation to be accurate to about 1%)

vii= (4, &) A exp ( - &) /

[(- 1n Yp,) {1 = To/Ty - Q,/c,T,)

+ Qu/cpT,) (1)
& % E./RT,

Q. being the heat evolved in the condensed
phase, in this case endothermic and about -
340 cal/g (Y,, mass fraction of the
remaining polymer at the surface can be sget
at 0.01). It is seen on Fig. 12 that there is
a good match between extrapolated law and
measurements. These measurements are obtained
under various atmospheres, showing no
influence of this factor. The conclusion is
then reached that the pyrolysis of such a
pclymer is an irreversible thermal mechanism.

In the case of an actual, widely used,
propellant binder such as carboxyl terminated
polybutadiene (CTPB) the same extrapolation
can be made, Fig. 13 (the thermal properties
used : A, = 3.6 10 cal/em K s, p, = 0.91
g/em®, ¢, = 0.39 cal/g K), and compared to
the results of Ref. [15), where the linear
pyrolysis of various binders is achieved by
the heat flux from an arc-image furnace, the
surface temperature being obtained by infra-
red pyrometry. It is interesting to note that
in these experiments no effect of pressure
was found, strengthening the idea that the
limiting pyrolysis mechanism 4is the
irreversible thermal degradation of the
polymer bonds. In tHis case the match is
unfortunately not as clear as in the case of
Teflon. The agreement, conesidering the
extent of the extrapolation, is satisfactory
for regression rates up to 1 mm/s. Above, it
might be assumed that radiating carbon
residues stagnating on the surface cause the
I.R. pyrometer to overestimate the surfacs
temperature, a point seen in  ONERA
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LINEAR PYROLYSIS OF CAKBOXYL TERMINATED POLYBUTADIENE
experiments. In further considerations, the

pyrolysis law based on the TGA kinetics will
be considered to apply.

Equation (1) and Fig. 13 indicate how the
surface temperature adjusts itself to allow
the polymer to degrade into gases when the
regression rate changes. Further
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considerations to better know the binder
behavior are the nature of the gases
resulting from the pyrolysis and the
corresponding heat of degradation. From the
results of {13] a mole balance is roughly
(for 100 g of polymer) :

H H H H
C; H 3,402 (... -C-C:=C~C - )
H H
~ 12 S CH, = CHy, 15 & CHy - CHy, 17 % CH, -
CH = CH;, 5 % CHy - CH, - CH,, 28 % CH, = CH-
CH = CH;, 14 % CH, = CH - CH, - CHy, 4% CHy -

CH, - CH, - CHy ...

It is shown on Fig. 14 the energetics
involved in the degradation of CTPB (in
particular the taking into account of the

above gas composition is coherent with the
measurements of [15)). For a given heat flux
q,, in cal/cm’s, at the surface, the energy
balance is

qs = Pp Ve [cp (T4 = To) - Q) (2)

with Q, the endothermic heat of degradation
about - 360 cal/g.

COMBUSTION OF AMMONIUM PERCHLORATE

Ammonium perchlorate (AP), NH, Cl0,, is a
widely used oxidizer and as such has been the
object of numerous investigations. References
[18 to 22] are a sampling, with [22] giving
a detailed 1ist. A view of the combustion of
AP is presented herein attempting to make use
as much as possible of the various
experimental data available. Due to the large
number of works on AP combustion, somewhat
contradictory interpretations and
corresponding models have been produced. A
simplified model will be presented, which is
considered to represent reasonably the
combustion mechanism of AP, although it will
not be in agreement with all of the above
mentioned interpretations.

1. Condensed phase behavior

The considerations presented previously for
the condensed phase of a pyrolysing
monopropellant apply to AP. The conduction
zone has a thickness

€cond. (dp/Vb) in 10?

(with the thermal diffusivity {21] 4, ~ 1.2
10" cm’/s at an average temperature in the
heat wave), thus equal to « 50 pm, for a
burning rate of 10 mm/s.

cp, = 0.31 cal/g K (orthorhombic phase
< 513 K) = 0.365 cal/g K (cubic phase)
pp = 1.95 g/em® , &, = 2.5 107°

- 4,55 10°* T(*C)cmi/s

Condensed phase values for AP {19,21]

Based on observations by scanning electron
microscupy after extinction, the idea has
been advanced that the self-deflagration of
AP, possible only above 20 atm, requires that
a large amount of exothermic reaction already
takes place in the condensed phase in a thin
liquid layer (above a melting temperature
estimated at 835 K) [19,20,21,22].
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2. Enerqetics of the AP combustion

The model of [19] is s"bscribed to in order
to describe the combustion of AP alone. The
AP undergoes a phate transit'on at 513 K,
melts around 835 K ond, in the thin (a few
microns) superficial liquid layer thus
created, an exothe-mic reaction, affecting
708 of the AP, takes place and creates the
final combustion gases, 0, in particular. The
remaining 30 & of the AP sublime into Ni, and
HC10, which react exothermically in a
premixed flame very close to the surface
(about 1 micron), Fig.15.

From the data collected in [19] the change of
enthalpy per gram of AP required to bring the
AP to its surface temperature, Tgae, i8S
estimated as

A hyap = 0.31 {.13-293) + 21 + 0.365
(835-513) + #0 + 0.328 (Ts,pp - 835) ,
= 266 + 0.3.3 (Tya - 835) cal/g (1)

where the he: t of transition and the heat of
liquefaction appear. The exothermic condensed
pha?e %egradation involves an enthalpy change
of [19

A hp,pp =~ - 380 cal/gram of reacting AP. (2)

The heat of sublimation is 58 ¢ 2 kcal/mole
or

Ah 5, = 476 to 510 cal/gram of subliming
AP (3)

The adiabatic flame temperature for the
combustion of AP alone has been estimated in
[16) to be T¢, " = 1205 K, corresponding to
the reaction ’

NH, Cl0, ~ 0.265 N, + 0.12 N,0 + 0.23 NO +

1.62 H,0 + 9.76 HC1 + 0.12 Cl,
+ 1.015 0,. (4)

The change of enthalpy, A he,ar, corresponding
to the combustion of the sublimed NH; and
HC10¢ (to give the combustion products of
(4)) is obtained from the equation expressing
the conservation of enthalpy between the
unreacted AP at initial temperature and the
combustion products dowstream of the flame :

0.3 Ahgp» + ¢4 (Tt,n“ - Tgap) + 0.3 Ahgpp +

0.7 Ahypp + Ah gy = 0. (5)

B




S R

i

TR Y L st s W m T

312

For ¢g = 0.3 value taken in (19] it is found

Ahc ap = - 850 to ~ 885 cal/gram of reacting
AP (6)

:

depending on the value adopted for the heat
of sublimation, 476 or 510 cal/g, and
independently of the value of Ts,, 1n the
range found in [19].

It should be noticed that the value gaven
here for the transformation of the AP into
gases {that is NH, and HCl0, for the
subliming 30% and the combustion gases of (4)
for the 70% reacting in the condensed phase),
namely

- Q = 0.3 (476 to 510) + 0.7 (- 380)
= - 123 to -~ 113 cal/g of AP, (7)

is also found in (10], where a model for the
combustion of AP similar to that of [19] is
adopted. The heat evolved in the condensed
phase Q, ( > 0 if exothermic) will be set
equal to 120 cal/g.

One last check of consistency can be
performed : with the enthalpy of formation of
AP at h%, = - 602 cal/g and that of the
combustion products of (4) h% = - 877
cal/g, an overall energy balance between
initial AP and combustion products is

Cg Tear™® + 0% = Cortno To + M (8)

resulting in Ty, °¢ = 1215 K, close enough
to the previous value.

3. Surface pyrolysis of the AP

Attempts to measure the surface temperature
give values between 670 and 973 K. These
results, obtained either using thermocouples
imbedded in the AP pellet, or by measuring
the radiation emitted by the surface, are
always associated with some uncertainty due
to the operating methods. In effect, the
large size of the thermocouples, in relation
to the temperature gradients encountered,
favors errors; further, the measurement
represents an averaging of surrounding
conditions. The temperatures thus obtained
are therefore probably somewhat lower than in
reality. In the case of experiments using an
optical technique, the surface temperature is
deduced from measuring the radiation emitted
by the latter and transmitted by the gaseous
layer. The disturbance caused by the
radiation of the gases and the screening
action of the flame limits the application of
this method to 60 atm. That is why the
original technique suggested by Seleznev
[23), and carried using a sapphire light
guide inserted in the solid substance and
reading of the infra-red emission in the
direction of the condensed phase, has the
considerable advantage of providing a direct
measurement of the radiation emitted by the
surface, without any hot gases and the
reaction of the flame being interposed. Its
application can therefore be extended to high
pressures and the measurements appear to be
more convincing. These results enable to
detexmine the AP pyrolysis law.

Further, estimates of the AP melting
temperature are put forward by a number of
authors; the values suggested vary from 715
to 865 + 20 K and are useful in interpreting
the extinction phenomenon at low pressure.
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The pyrolysis law of the AP is written as
Mar = Pap Vear = Agap €Xp [~ Esae / RT,] (9)

The parameters characterizing the pyrolysis
law are determined so as to obtain a good
agreement between the rates and the surface
temperatures measured by Seleznev [23) (Fig.
16). The activation energy obtained is 20
kcal/mole, a figure compatible with the
various estimates encountered. The
measurement of the surface temperature made
at 40 atm is the only one which deviates from
that computed by the pyrolysis law used. On
the other hand, for the critical rate of 0.27
cm/s obtained at 20 atm (AP combustion
pressure 1limit), this law allows for a
surface temperature of 830 K, corresponding
to the assumed AP melting temperature [19].
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4, Flame structure of the AP combustion

The approach of [19] considers 14 different
reactions to describe the flame zone of the
AP, involving 30 % of the material sublimed
into NH, and HC10,. An overall second order
reattion is then obtained

NH; + HCl04 - products of Eq. (4)

with an activation energy of Ega = 15
kecal/mole.

A simplified model can be constructed if one
assumes the flame thickness to be very small
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as compared to the stand-off distance from
the surface {20,21,22}. The conservation of
energy is then ruled by

d ¢y dT/dx - d(Ag dT/dx)/dx = 0 (10)
with boundary conditions

T=7T,at x= 0, A, dT/dx|, = A Q (11)
with h = pap vy,ap and Q. the heat required to
bring the AP from T, to gases from the
surface, see Eq. (1) and Eq. (7),

Q = Ahn,m - Qs

The temperature profile is then

T =T, + (Q/cq) [exp (h x cg/hg) - 1) (12)

When T = 7T ,,* the flame stand-off distance
is reached

X = (Mg/theg) 1n [1 + ¢ (Ten* - T,) / Qda)

Equation (5) for the overall enthalpy balance
can be written

Cg (Trae* = Ty) + Qe = Qg

Qg = - 0.3 Ahepp > 0

and the relation for x; becomes

¢ = ((Ag /th &g) 1n{Qy/Qc) (14)
The flame, being premixed, is controlled by

the chemical kinetics ang the time required
for the reaction to occur can be expressed as

BTen - Pg

& being the reaction rate

& . p? Agae eXp ( - Eqap/RTg ae* ) (15)
The flame stand-off distance is then :

Xt - Vg Ton. (M/pg) T -th /B (16)

This combined with Eq. (14) results in
o[ Ay /cg) & 1n (Qg/Qc)] 2 (17)

and thus for a second order reaction as in
(15) a pressure exponent in M. p" close to 1.

Pap = 1,95 g/cm’

Es,ap = 20 kcal/mole

s, = 96000 g/cm? s

Esar = 650 g/cm® s atm?
=30 8%

Cy = 0.3 cal/g K

A = 1.9 10 cal/em s K

Values considered as representative for the
AP flame zone.

Taking into account the various values given
it is obtained for v, = 10 mm/s (Ts,ae =~ 925
K) the flame stand-off distance, Eq. (14),
(Q = 265 cal/g , Q. = 175 cal/g) X; = 1.3
pm.

The only input data which is not defined from
outside considerations is the pre-exponential
factor A4, used as a floating parameter for
the model. Various numerical values
associated with the input parameters of the
model are brought together in the above
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table. Just by the choice of the prefactor
By, adjusted at 650 g/cm® s atm?, the model
satisfactorily reproduces variations in the
AP burning rate due to pressure as well as to
the change in the initial temperature of the
product. Figure 17 provides a comparison of
computed rate curves with experimental points

{21].
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Pyg, 17  BURNING RATE OF AMMONIUM PERCHLORATE
AT DIFFERENT INITIAL TEMPERATURES

At sufficiently high pressures, the energy
transmitted from the flame toward the
surface, to which must be added the effect of
the superficial exothermic reactions,
maintains the surface temperature above the
AP melting poant. When the pressure falls,
the premixed flame moves away and the surface
temperature can then fall below the limiting
value, thus causing the disappearance of the
liquid surface layer which was enabling the
exothermic reactions to occur. The energy
from the flame is then much too small to
maintain a pyrolysis which has become
strongly endothermic and AP no longer burns.
This minimum pressure, beyond which the
combustion cannot propagate itself, sets the
pressure limit for AP self-degradation.

Py tatm)
2 —@—  Experimentsl resuls
O Computed points
20

o % & 100 180 0
Fig.18 (Exparimentai casuks from ENSTA)
UMITING PRESSURE FOR COMBUSTION OF AMMONIUM PERCHLORATE

On the basis of this hypothesis, the
combustion pressure limit is reached when the
surface temperature is equal to the AP
melting temperature. It is interesting to use
the model in order to follow the variation of
the computed 1limiting pressure with the
injtial temperature. At atmospheric
temperature, the combustion limit is 20 atm,

TR

FURTIUN

—;w; ‘Z e ﬁ-\ﬂ;‘f

-

Nk e A ee e

R e W s e




.

314

in agreement with experimental results. The
critical rate of 0.27 cm/s and the surface
temperature of 830 K, representing the AP
melting temperature, corresponds to it. The
computation method consists, for the initial
temperature varying between 0 and 200° C, in
finding for what pressure the surface
temperature is equal to 830 K. A comparison
between the computed and experimental
pressure limits is excellent, Fig. 18, and
confirrs the soundness of the bhypothesas
follow ng which AP only burns if the surface
temperature exceeds its melting terperature.

One further set of results is presented.
Questions have been raised about the
combustion of AP at high pressures above
about 100 atm, with many conflicting results.
Measurements of burning rates on carefully
inhibited samples are presented on Fig. 19.
It is concluded that no strong change of
combustion regime is observed. The model
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based on the above presented hypothesis
to follow gquite well the resalts to high
pressures.
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BURNING RATE OF AMMONIUM PERCHLORATE
COMBUSTION OF HMX

Tne combustion of

HMX, which has

balanced oxidizing

and combustible o
elements (to reach * }D
CO,H;0 and X,) and N
a combustion CHy~N
temperature of
3280 K, is +
controlled by o
processes in the H.C
condensed phase \N—CH
as well as in the !
flame zone. N,
Information about Cf
these processes is

te ke found in

references [24 to

31] (also [21]).

1. Condensed phase processes

B Orosthat
- Activation energy
¢ = 5008l / mole
- Ag=07101810's"
b 20my 1 atm
1
0t >
m 154 19% 19
(552K) (523%) 10°7709
Decompasiton paak
termperaturs

F1G. 20  DIFFERENTIAL THERMAL ANALYS!S OF HMX DECOMPOSITION
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[24,29]). A fairly extensive review is given
in Ref. [25]. Results obtained around the
(assumed) melting temperature are indicated
on Fig. 20, with the kinetics extracted for
a reaction order of 1.

The condensed phase propert.es considered to
be representative are indicated below

Pp = 1.9 g/em®, ¢, = 0.33 cal/g K
dp 2 Ap/pp ¢p = 1 1077 cm?/s
(also fcund from thermocouple traverses)

A, = 6.3 10™* cal/em s K

Condensed phase properties (average in the
thermal wave) for HEX [31].

Another technique to obtain the decomposition

The kinetics of the decom osition of HMX can kinetics, at somawhat higher temperatures, is
be obtained by differential thermal analysis through ignitjon tests, by exposing the
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sample to a given surface heat flux and
detecting the delay for the first exothermic
ignition reaction (raprd deviation of the
surface temperature from that of an 1inert
material). The results are seen on Fig. 21
and confirm those obtained by DTA (the first
method gives a gqgood estimate of the
activation energy, whereas the ignition
experiments are better for estimating the
prefactor). All these results correspond to
an irreversible thermal decomposition of the
HMX bonds wath no influence of the pressure.

Finally, the investigation of the condensed
phase processes under combustion is carried
out by determining the temperature profile
through the combustion wave by use of micro-
thermocouples. As was seen on several
occasions the thermal wave thickness is :

€cond. = in 102 dp / Vb (1)

that is, in the case of Fi1g. 22, ecopa. = 220
pm. The thermocouple junction has to be very
small, in the present case 5 pm platinum
wires are welded end to end by electric
discharge with the junction at about this
size. A measurement of the thermal
diffusivity is also obtained, close to that
indicated in the above table.

The relationship Dbetween the surface
temperature (obtained from measurements such
as that of Fig.22) and the burning rate is
displayed on Fig. 23. Scatter of the
measurements is hard to avoid (about 50 K).
Also indicated are thermocouple results from
reference [28]. The pyrolysis law is also
established from the decomposition kinetics
obtained by DTA and by ignition experiments,
making use of the approach mentioned for
double-bage propellants as well as for inert
binders according to which [8], for a first
order reaction,

Vi = (dp/&) A exp( - &)}/
[{ -1n Yp.l) (1“T0/T1 - Q./cpT.) + Ql/cpTl(JZ)

& = E. / RT, and Q, is the heat evolved an
the superficial reaction layer of the HMX;
its value will be seen next. The amount of
HMX at the surface Y, is set at 0.01. It is
seen that there is continuaty between the
decomposition (thermal breaking of the
chemical bonds, with probably no
participation of the vaporization of the HMX)
under DTA conditions, « 550 K, for ignition,
from 600 to 700 K, and under combustion, up
to 900 K. This conclusion on such a
~ontinuity, which is not a priori guaranted,
was also reached for double-base propellants.

From the temperature profiles, as on Fig. 22,
the heat evolved in the condensed phase can
be evaluated by use of the relation

)"q dT/dXI. = Pp¥ [cq s = CpTo = Qu] (3)

with Q, > 0 if exothermic. The results of
Fig.24 show that indeed the transformation of
HMX into gases 1s exothermic. The energy
absorbed by the breaking of the HMX bonds is
more than compensated by exoth2rmic reactions
taking place in the superficial degradation
layer probably between NO, and HCHO (see
further for the identification of these
gases). This mechanism was already observed
for double-base propellants.
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Fig.24 HEAT EVOLVED IN THE CONDENSED PHASE OF HMX

Experiments have been performed (7] by
maintaining the linear regression (at about
1 mm/s) of HMX samples with an external heat
flux (radiation or contact with a heated
plate) under vacuum so as to avoid any gas
flame. The sampled gases are then analyzed by
mass spectrometry. The following table
indicate the results.
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It is seen that the initial degradation
produces probably NO, and N,0 in similar
amounts and HCHO and HCN. See also foxr such
conclusions reference [32]. Exothermic
reactions involving NO, occur in the
superficial degradation layer to give a large
amount of NO. Results in rough agreement with
those of the above table have also been
obtained in Ref. {33] with an infra-red
analysis technique.

2. Gas phage behavior

The production from the condensed phase of
HMX of several oxidizing gases, NO,, N,0 and
NO , can create a two-stage flame. This was
seen to be the case for double-base
propeilants for which NO, and NO are created
in the condensed phase the primary flame
involves NO, and the secondary flame NO;
above « 200 atm the two flames merge into
one. In the case of HMX, observation at
pressures around 1 atm reveals the existence
of a dark induction zone and a detached
luminous flame, similar to those of double-
base propellants. Also the micro-thermocouple
traverses below about 10 atm, such as in Fig.
22, show a plateau in the temperature profile
at about 2000 K, much below the final
temperature of 3280 K.

The burning rate of HMX, as single crystals
or as pressed samples, obtained in Ref.[25]
is shown on Fig. 25. The evolution of this
burning rate with pressure shows that around
20 atm a pressure exponent of about 1 is
attained, revealing that the staged flame has
collapsed into one (as in the case of double-
base propellants above about 200 atm).

It was seen in the chapter on double~base

propellants that in the case of a distributed

flame an approximation for the temperature
profile is

(Te = T)/ (T¢ =~ T,) = exp ( = x/%¢) (4)
with

xe = A g8 (Te =~ Ty) /h Qc,
Q{'=chl-CpTo-Qn (5)
{at vp = 10 mm/s this will give X, = 15 pm)
and the burning rate becomes

ho=opp vy = [ Mg, (Tf - T/ Q) (6)
With E; the summed reaction rate through the
flame zone. More complete descriptions of the
flame zone can be found in references
{29,36], the conclusions of which aze

essentially those which can be extracted from
the above simplified approach.

cg = 0.35 cal/g K, *l

Ay = 1.25 107 (1/700)%7 cal/em 8 K J

Values considered to be representative of the
gas phase of HMX.
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At low pressures the primary flame, involving
NO, in a first order reaction, controls the
burning rate, with, accoxding to Eq. (6), a
pressure exponent around 0.5. At higher
pressures the collapsed flame is probably
dominated by a second order reaction
involving NO and N0, with a pressure
exponent close to 1.

COMBUSTION OF COMPOSITE PROPELLANTS

This chapter is devoted to the description of
propellants made of anoxidizer, ammonium
perchlorate or HMX, and a bander, inert such
as polybutadiene or active, a mixture of a
liquid nitrate and a polymer. For the sake of
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claraty only these two categories will be
considered, the main point being, as was said
in the introduction, to attempt to improve
the understanding of the combustion of
propeliants rather than to present an
extensive catalog of results.

1. Comparative picture of composite
propellants combustion

Drawing from the results presented previously
for the various components the comparative
picture of AP-inert binder and HMX-active
binder is found on Fig. 26.

The combustion of AP results in a premixed
flame at about 1 pm from the surface at -
1200 X or higher . From this flame 1 mole of
0, comes out for each initial AP mole. From
the binder surface at nearly the same
temperature combustible gases are ejected,
which, after diffusion, react with 0;. As
will be seen further on, the diffusion flame
height is related to the AP particle size.
The smaller the particle size the closer is
the flame and the higher the heat flux to the
surface and therefcre the burning rate of the
propellant. The pyrolysis of the inext binder
is purely endothermic (heat required to bring
the temperature to 1100 K and heat to
decompose it into gases). In the case of
particles of a few tens of pm, the burning of
the AP being close to adiabatic (its flame
receives some heat flux from the final flame,
but computation results show that there is
only a moderate deviation from adiabatie
conditions), the heat flux from the £final
flame serves primarely to keep the binder
regressing.

The combustion of HMX is also through a
premixed £lame, about 15 pm from the surface,
reaching the final stage of 3280 K. The gases
emitted from this flame cannot sustain any
further combustion. The active binder goes
through its own combustion, with a primary
flame reaching « 1550 K some 50 um from the
surface. The final flame somewhat further
away reaches about 2000K. There is no direct
interaction between the two components of the
propellant. The burning of the propellant is
then an average of the individual burning
rates. There exist however an indirect
interaction of the active bander on the HMX
particles. As was seen, the thermal
properties of HMX and the active binder are
close and the HMX particles are immersed in
the temperature profile of the binder. Upon
reaching the surface the top of the particle
is at about 700 K, the surface temperature of
the binder. This so happens to be very much
the temperature for first ignition of HMX
(see Fig. 21). There will be however a
transition delay of the HMX particle to full
combustion for which its surface temperature
is about 900 K. This will be dealt with in
more details further on.

In the case of AP, the ignition temperature
is around 650 K and the surface temperature
for full combustion is around 900 K. Immexsed
in the inert binder with a surface
temperature of ~ 1100 K the AP should reach
compustion as soon as it is uncovered with no
transition delay.

2. Propellant burninqg rate resulting from
components rates.

Various approaches have been presented in th.
the literature to build the propellant
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burning rate from the components’ own burning
rates. One of the first comprehensive models
for composite propellant combustion modeling,
Ref. [34], had a picture of AP and binder
burning in parallel with a partitioning of
the surface between the two ingredients and
a surface averaged propellant burning rate.
This view is also found in Refs. [35,36],
with Ref.[37] beiny a complete review for AP-
inert binder propellants, including
references preceding the work of [34]. A view
of sequential burning, in which a given path
goes through oxidizer
particles separated by
layers of binder, with as
a consequence a time
averaged propellant
burning rate, was first

—— /nm ot

QO

presented in Ref. [39].
This view was subscribed
to in [40], although the
( details have since then
evolved into the option

presented herein (which
seems to be coherent with
the latest view of

M. Beckstead [42]).

QINECTION OF BURNING

Time-averaged Averaging of the
propellant burning components’' burning rates,

HMX and active binder, in

Ref. [38] into the
propellant burning rate is obtained by
assuming that the components melt and mix at
the surface and then form an average premixed
gas flame. Due to the very small thickness of
the melt (to the extent that melting occurs)
layers (of the order of pm) and very short
residence times in these layers (tenths of
ms) it is believed that such premixing of the
components should not take place. This is
also the conclusion of {42].

Finally, in the recent work of Ref. [41] a
surface average is operated for AP-binder
interactions whereas a time average HMX-
binder approach is adopted within the same
mixed oxidizers propellant.

In a randomly packed arrangement of oxidizer
spheres of diameter D,,, wWith the average
height through the sphere from a given
direction (perpendicular to the surface) b,
and for a volume of 1 cm®’ on the surface by
1 om in depth, the number of particles
intercepted along 1 cm of length being N,
one has :

Nhox 1 cm?/NBy 1 cm? = Box/ (1-Eox) (1)
with Eb the average binder height between

particles and &, the volume fraction loading
in oxidizer. Then it comes :

By = hox (1-Eox) / Eox (2)
and due to

N( hox + Bp) = 1 cm

N = Eo/hoy (3)

For a propellant burning rate vy, tne time
to run through L cm of depth is

t = 1/Vb,p = tox + tb = N T‘ox/vb,ox
+ NAte, + Nhy/ Vo,p Atex (4)
A' x being the (possible) transition delay to

ull combustion after the top of the oxidizer
particle has reached the surface. Then the
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propellant burning rate, as expressed with
the component burning rates, is, with Eq. (3)
taken into account,

1 /vb,p = on/vb,ox + onAtox /N -;'ox

+ (1 - on) / Vb,b (5)
Consideration of a sphere being traversed
randomly along a given direction leads after
some computation to he = Dy (T /4)2.

In the case of AP- inert bander propellants

with no transition delay the propellant
burning rate 1is

l/vb,p = on/Vb,u + (1~ gox)/vb,b (6)

The relationship between volume fraction
loading & and mass fraction loading a being

a, = & pi/pp (1)
IEi =1, 1/pp = Gox/Pae + (1 - a)/pp  (8)
that 1s for example for an 88% AP - 12 % PB
binder p, = 1.72 g/cm®

The mass burning rate of the propellant is
By = Pp Vp

and Eq. (6) yields

1ty = aou/thpp + (1 = aox)/thy (9)

In the case of a propellant loaded with
aluminum, 1t is known that the aluminum
particles are ejected from the surface
{43,44) (Ref. [44] being an extensive review
of the processes of aluminum combustion) and
burn at several hundreds of pm from the
surface. The view of the combustion of
aluminum is summarized here.

The volume fractions being

on + Ebl §u
Eq. (8) becomes

1/pp = Qox/Pox + Gu/Pp + Qa1/Pm1 (10)

that is, for example, for a 70% AP, 20%
aluminum (p, = 2.7 g/cm®), 10% PB binder
(pp = 0.91/cm’), p, = 1.84 g/em’.

With respect to the burning rate of the
propellant loaded with aluminum it is
obtained :

1/Vb,p = gnx/vb,ox + Ndlgal/vb,al

+ Na Oty + Ep/Vip (11)

The ‘"burning"” rate of aluminum can be
considered as infinite since it is ejected
from the surface, whereas its "transition
delay" is the time for the binder to regress
through the particle height

Aty = hay Vo
Also, for each component N h = E its volume

fraction loading. The propellant burning rate
becomes

1/V,p = Box/Vbox *+ Eb / Vb,b + Ear/Vep =
on/vb,ox + (1 - &) / Vb,b (12)
that is the relation which would be obtained

for a corresponding propellant with no
aluminum, with the binder filling in for it.
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Sketches of selected frames of a high speed
motion picture illustrate a protracted
ignition-agglomeration event in which the
hottest portion of the accumulate inflames
and precipitates the complete inflamation-
agglomeration of the (already hot)
accumulate.

tzgript/

- Aluminum melts at 930 K (inert binder at
1100 K) (active binder at 700K)

- Al;0; protective coating melts at 2300 K
collapses into cap, leading to inflamation
of Al agglomerate (several 10's of pm)

= Aluminum vaporizes at ~ 3300 K and reacts
in semi-spherical flame with CO, from AP-
binder flame

- Caps gives Al,0; particles of a few pm,
spherical flame gives Al,0; smoke of « ipm.

DESCRIPTION OF ALUMINUM COMBUSTION

From an energetics point of view the modeling
of the combustion of aluminized propellants
should include at the ecurface the heat of
fusion of aluminum ~ 100 cal/g of Al. One can
see Ref. [45) for such an approach.

3 HMX-active binder propellants

Both HMX and the active binder have
independant burning rates. The resulting
propellant burning rates is given by Eq. (5),
where the transition delay has to be
evaluated.

The emerging HMX particle offers to the
external heat flux the surface area of the
sphere cap which has been exposed by the
binder regressing at v,,, after the time t
from first appearance has evolved

S = I1 Doy (Vy,p t)

With a being the part of the sphere which is
heated by the superficial flux ¢ , the
temperature rise is

a(ppCploxdT/dt (411/3) (Doy/2)°

= ¢ n Dox Vh,b t (13)
The heat flux received is that of the binder
flame when the particle first emerges and it
transitions to that of the HMX flame when the

particle has reached full combustion, a
transition formula beiny assumed to be

B = @+ [(To{t) ~ Typ) / (Tuox = Top)]
(Box ~ Pb)

U
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with

Pox,p = PpVy {cgT, = €To = Qu)loxp 100

The fraction of the sphere heated by the flux
is taken to be, with K finally adjusted at

1,
a=exp (-K Do:/ep*)
e* is the thermal wave thickness for which
tfxe temperature is at 90% of its surface
value, that is, sufficiently close to it,

(T - T)/{Ty - To) = 0.9

BURNING RATE (mm/s)
3

= exp('ep* Vb,b/dp) (14)

When D,;/e,* = 0 the particle i> vanishingly

small with respect to the thickness of the

layer at about the surxface temperature, a — 110 100 1000
1 and the particle is heated in its entirety

by the heat flux. If Dy /e —» ® the PRESSURE (stm)

particle is very large compared to the

surface layer, a = 0, 1t is heated on a O HX

vanishingly small part. When Doy = €* , a = O ENERGETIC BPINDER (Hoat of explosion=859 cal/g)
0.9, the rarticle is immersed in the binder 4 7@% HMX [28uml + 3€% BINDER

layer at T ~ T,, and it is almost totally

heated by the external flux. The transition Computed burning rate

delay from Eg. (13) 1s then

Bty = Q(ppcp)ox(noxz/ 3 vp,p)

Fig.27 EXPERMENTAL AND COMPUTED BURNING RATE
[Tl,ox he T-,b]/(¢ox = gb)] In (¢ox / ¢b) (15) OF A MTRAMINE BASED PROPELLANT.

One noteworthy feature of this relation is w0
that the transition delay is proportional to
the particle size D,x, in such a way that
inserted in Eq. (5) it renders the burning
rate insensitive to D,,, a fact which is
observed experimentally for HMX-energetic
binder propellants [40].

Figures 27 and 28 show two examples of
propellant burning rate laws with the
corresponding components rates, It is seen
that the propellant burning rate is
intermediate between those of HMX and of the
binder (its being close to that of the binder
at pressures under 100 atm is coincidental).
The model presented above, and, what is
important, the mechanisms it takes into
account (that is the absence of diffusional
interaction between the components and the 10
importance of a transition delay for the HMX

particles), is quite representative of the PRESSURE (atm)

experimental results. Some of the details of '
the making of the burning rate are given in
the following table,

3

BURNING RATE {mm/s}

O ENERGETIC BINDER (Heat of explosion=850 cal/g)
A ?5% HMX [4@um(50%)+4.7um(50%)] + 25% BINDER

PRESSURE | 20 atm | 100 atm | 250 atm ——— Computed burning rate .
Vo, b 2,4 mm/s 7,1 14,5 ¢
Tab 622K 667 698 Fig.28 EXPERMENTAL AND GOMPUTED BUANNG RATE ¢
Vb.ox 4,5 mm/s 17 37,5 OF A NITRAMINE BASED PROPELLANT, i

¢
s ox 826K 907 962 It 1is seen that at low pressures the H

% of transition delay has a strong impact and the .

burning 22 % 16 % 4% burning xate of the propellant happens to H

time due fall close to that of the binder. At high

to delay pressure the propellant burning rate is

nearly the time average of the components
Vb,p 2,3 mn/s 9,4 22,17 rates (without delay the average at 250 atm
is 24 mm/s).
Elements for the evaluation of the burning It is observed that, for a given HMX-
rate, 70% HMX - 30% active binder. energetic binder composition, the burning B

rate law is locked and that there is no way
to tailor it (as can be done in AP-inert
binder compositions by acting upon the
particle size). Furthermore the pressure
exponent is too high to be acceptable for the
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motor operation. Attempts to act upon the HMX
burning rate by the use of additives have not
been successful. One possibility of action
however is with additives specific to double-
base propellants, lead and copper salts and
carbon black , incorporated in the active
binder. It has been found on Fig. 10 that a
moderate super-rate effects can be obtained.
1t is seen on Fig. 29 that such a modified
pbinder associated with HMX, and _after
optimization of the amount and of the size of
the additives, yields a burning rate law with
moderate pressure exponent and initial
temperature sensitivity.

b Burrng rate mavs

W0

Mo:m Propeliant
propetiant + adcitives

vy t70 oy 5mms 12 mervs.
n 07 04
o, owc' ornwc'

L 2

[ Propstant + sdditves

Va

T 7

Asterence
t 'y
(85% HIX)

T T T

P (atm)
1

10 7 100 1000
F1g.29 HMX-ACTIVE BINDER PROPELLANT WITH ADDITIVES
4. AP-ipert bander propellants

The burning rate of a propellant based on AP
and an inert binder such as CPTB is thought
to be described by the averaging rule of Eq.
(9) from the burning rates of the components.
In this case the binder has of course no
autonomous burning rate. Its regression rate
will be due to the heat flux from the
diffusion flame, as depicted on Fig. 26,
between 0, from the AP flame and the
hydrocarbons from the pyrolysis of the
binder. A description of such a flame is
gaven here.

A column of O, containing gases is ejected
from a particle with an efficient diameter
D*,, proportional to Do, at a velocity vy,
such that #, = py v;. This column 1s consumed
by a lateral defusion characterized by a
diffusion velocity

Vaser = Bgd/ (D/2) (16)
D being the local diameter of the column, A4
sor2 constant of order 1 and o) the diffusion
coefficient in cm’/s. The variation of the
column diameter is then given by

dD = - 2 vger dt , dx = vyt

D dD = 4 Ag0D dx/v,

Resulting in

Dox‘z =8 Adoa Xta/Vg

Xea = Dox'? fy / 82y p D (17)
When the lateral diffusion of O, and
hydrocarbon gases into each others is purely

laminar the Qdiffusion coefficientesd is
expressed as :

pD: aao'r"/p , p'b=obo'1‘°'1/mlR

(with the equation for perfect gases p/p =
RT/ M being used) and the £lame stand-off
distance

Xgq = Dox'z xT‘P (R/m) / 8 Ad°bo Ta-l (18),

does not depend explicately upon the
pressure. In this limiting case and due to
the fact that

te - 1/%, 1t is obtained
mp - 1/Dox

independent of the pressure level and
strongly dependent on the particle size

As will be seen later, it has been found that
the diffusion flame process might become
turbulent at high pressures when large
differences exist between the mass flow rates
emitted from the AP and from the binder. Thas
conclusion as also mentioned in reference
[37]. A general expression for a turbulent
transport coefficient is

pD- pu' 1

with u' the magnitude of the fluctuating gas
velocity and 1 its scale. It 1s then assumed

1 . Dy/2 , pu’ - (mox - mb)

that s the turbulent enhancement is related
to the difference between the mass flow rates
within the 0, containing column and in the
surrounding gases. Then Eq. (17) becomes

Xa = Dox? thy / 8 Ba (PD) ot (19)
(P'D )af! =°aa Ta-l 'm/R
+ K (an/z) (mox = mb) (20)

where K should be of the order of 0.1.

An extra flame thackness related to the
chemical time for the completion of the O~

hydrocarbons reaction should be taken into
account. From the chapter on AP, Eq. (16), it
is obtained

Xee = My / A p? At eXxp (~ Eg ¢ / RTg)  (21)

the characteristics being related to the
final O,~hydrocarbons flame.

The stages of the combustion of an AP
propellant are shown on Fig.30, which is to
be seen side by side with Eq. 26 for the
corresponding values. The usually made
description of this flame structure is to
assume very thin flames, treated as
discontinuities [34,35,36]. The temperature
profiles are then ruled by the equation for
conservation of energy

q - x* dg/dx = 0
q = AAT/dx , x* 2 A/,

with the solution between two positions x and
X¢ given by :

g=qgeexp [ (x - x )/ x*]

The final flame being a discontinuity where
the energy Q¢ is deposited, the heat flux
from this flame toward the surface is (no
flux goes to the outside of the flame)

P -

e Mt = e =it
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qe = ty Qg PRESSURE (atm)
thus a 8@% Sum AP-CTPB
O 8% 98um AP—CIFB
alx) = t, Q exp [(x - x¢) / x* ) (22)
~—— Computed burning rate
The mass_reqression rate of the binder is
then given by
ty Qc,p = q, = th Qe exp (- x¢/x"] (23) F1g.31 AP-INERT BINDER PROPELLANTS.
where the constituting elements of this 120 |20 ale v
relation have been seen in the chapter on
inert binders. It should be noticed that to [
simplify the description a uniform mass flow 00 _losm
rate t, is taken in the gas phase above the \
binder and the AP flame. b \
The mass burning rate of the AP, referring to ®
Egqs. (13 and 17) of the corresponding |
chapter, is
) . i 80 atm \
e = {(Ag/cg) By 1n [1 + Sq {Teap = Ts,ap) / b \ \
Qo) (24) <
X 40 atm
wich . \\\\\
O = 7 BAgap exp [- Eg,ap/RT¢,pp] 3 \\
Now, due to the fact that the AP flame O, -t — I S ——s Ram—rers
receives a heat flux from the final flame, O (microns)
the flame temperature is no longer the AP partcie size
adiabatic temperature (T, * = 1205 K). It
is given by Fig.32
te €5 (Teae ~ Tune) + e Qone
0% AP . 20% CTPB
= e Qe + Geae (25) BURNING RATE (COMPUTED RESULTS) VS AP PARTICLE SZE

Por large particle sizes the final flame is
with, f . dominated by the diffusion process, which is
main'n;ﬁ’;‘ fgto(ggg,A;hfel::eat flux from the insensitive to pressure. This, combined with
the pressure dependant flame of the AP, see

= M, - * Fig. 26, gives rise to a propellant burning
Gt e Qr exp [{xee - X¢)/x*] rate wi’lich is moderately sensitive to
Results for the burning rit f AP-CTPB Pressure. It is found in the modeling that
propellants arc mdiém,g ox.‘Feig.o 1, wgge the contribution of the turbulent diffusion,
it is seen a strong influence of the AP See Eq. (20), becomes important above about
particle size. The model described above, and 1-" atm. However above 300 to 400 atm the
vhat {s important the mechanisms it contains, DPUIning rate of the propellant undergoes a
glves a satisfactory account of these Sharp exponent break that the model cannot
results. follow. In some references this exponent
break has been assumed to be due to the

Por the very small AP particle sizes the Durning rate of the AP which would also
final flame 1s mostly dominated by the increase sharply. It has been seen on Fig. 19

chemical process, very sensitive to pressure, that, when the samples are carefully

as is the AP ’flamé’_ This resulpts in a Ainhibited, this is not the case.

variation of the burning with a pressure 1Ihe strong influence of the AP particle size

exponent close to 1. upon the propellant burning rate, as
expressed by the modeling, is also shown on

B
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Fig. 32. It is seen that at about 1 um there
15 no further gain in the burning rate. This
is due to the fact that there will always
exist a non vanishing flame stand-off
distance related to the chemical time for the

0;-hydrocarbons reaction.

on Fig. 33 the b rning rate computed from the
mechanisms modelea s described above is
compared to results from the 1literature
[35,36] for mixed AP particle sizes. The
agreement is adequate for the larger particle
sizes and qualitative for the small ones
(Now, how representative are the particle
sizes indicated ?). This reveals that the
physico~chemical features incorporated in the
model of the AP-inert binder propellant are
probably sound. However, once a .odel has
been "tuned” to represent a set of
experimental results, as on Fig. 31, it
cannot be expected that it will “predict"
accurately other results for different values
of the parameters.

It has been seen that by acting upon the AP
particle size it is possible to tailor the
burning rate of the propellant, but that
there exist a limiting size below which the
effect will be non existent, Fig. 32. It is
possible to gain further by incorporating
metallic additives, Fig. 34, such as the
ferrocenic type (which during processing will
dissolve into the not yet cross-linked binder
for a proper mixing). Varaious results, and in
particular the similarity of action of a
silicon binder which produces on the
propellant surface a fine structure of 5,0,
residue, indicate that the mode of action is
physical (ratl.~r than catalytic, in the sense
of enhancing some chemical reactions). The
layer of residue deposited on the surface has
probably a flame-holding effect, the gases
flowing in tortuous paths through this
residue will react closer to the suxface in
such a way that an enhanced heat flux will
act on the surface.

CONCLUSIONS

A review has been presented of the combustion
mechanisms of components and of solid
propellants., Some noteworthy points are
stressed here.

Double-base propellants and active binders :
a fairly good knowledge of the processes in
the condensed and gas phases has been
acquired. The main point is the presence of
a two-flame system, involving NO; ~» NO —» N,
collapsing into one flame above 200 to 300
atm. Specific additives (lead and copper
salts and carbon black) have a true chemical
interaction, the enhancement of the NO~carbon
reaction, bringing some of the energy
normally evolved in the second flame closer
to the surface. This knowledge carries over
to the active binders, which are however less
prone to super-rate effects because they
produce less structured carbon residue.

Inext binders : not so many reliable
pyrolysis measurements have been performed on
actual binders. It has been shown (from
comparisons for a number of materials) that
the pyrolysis characteristics obtained at low
heating rate (by thermogravimetric analysis
or differential scanning calorimetry) should
extrapclate and apply wunder combustion
conditions. The pyrolysis 4if a thermal
breaking of the cross-1inks and of the
polymer, not affected by additives.

BURNING BATE {(mm/s)

PRESSURE {atm)
0O 02% AP lum/?um=1/1
O B2%AP, um 9Bum=1/1
A 82% AP SQum/2@dum=1-5

~—— Computed burning rate

Fi{g.33 AP-INERT BINDER PROPELLANTS.

Burning rate mavs
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@ 30% letrocemc additive solubie in the binder
& Siicon binder iging $.0;)

AP « INERT BINDER PROPELLANTS WITH ADDITIVES

Ammonium perchlorate it is believed that
the mechanism of combustion is properly
known. A large amount, about 70%, of the AP
exothermically decomposes in a thin (e« 1 um)
condensed phase superficial layer, the
remaining 30% sublimes into NH; and HClO,
which react in a flame very close (~ 1 pm) to
the surface. Due to the thickness, and the
very short residence time associated, of
these 2ones, additives have no true catalytic
(i.e. chemical) action.

HMX : the combustion of HMX (or RDX) is
qualitatively comparable to that of a DB
propellant, with the occurence of two flames,

s
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involving NO, and N,0/NO. However above 20
atm these flames collapse into one and
therefore it is not possible to induce super-
rate effects with specific additives, as was
the case for DB propellants Also, additives
which were hoped to accelerate the melting-
decomposition of HMX fail to act under
combustion conditions.

AP _or HMX (RDX)-inert or active binder
aluminum ropellants :

the approach believed to describe adequately
the combustion of composite propellants is a
sequential one. When following a path through
the propellant, it meets successively the
combustion of the oxidizer particles and of
the binder layers.

In the case of AP-inert binder propellants,
the propellant burning rate is an average of
the components' rates. However an interaction
flame between O, from AP and hydrocarbons
from the binder enhances the rate of AP and
allows the pyrolysis of the binder. The
burning rate of the propellant can be quite
widely tailored by reducing the AP particle
size and further by adding metallic compounds
which leave an oxyde residue layer, the
action of which is likely to be a flame
holding effect, i.e. a physical action.
Aluminum incorporated in such propellants of
course increase: the final temperature by as
much as 1000K, but its combustion is so far
from the surface that it does not influence
the regr2ssion rate of the propellant.

In the case of HMX-active binder propellants
both components have autonomous burning
rates. The resulting propellant burning rate
is the average of the two rates, with a
further slowing down due to the fact that the
HMX particles upon reaching the surface have
to undergo a transition to full combustion.
This delay is of importance up to roughly 150
atm; above it tends to become negligible. No
additives have been found to act on HMX and
additives of the DB type act only moderately
on the active binder. The tailorability of
HMX-active binder propellants s therefore
more limited than for AP propellants.
Further trends on new ingredients are related
in the first place to the need to reduce the
vulnerability of missile motors employing
solid propellants to various aggressions
"cook off" due to fires, bullet or fragment
impact, "sympathetic detonation". Another
emerging concern is that of the pollution
caused by the large boosters of space
launchers, using AP-inert binder-aluminum
proiellants, with production of HCl and Al,0,
smoke .

These considerations have led to
reconsidering ingredients suc as ammonium
nitrate, NHNO;, discarded previously as
being insufficiently energetic, and to
introducing energetic binders such as GAP,
glycidil azide polymer (containing the N,
group, inducing an exothermic decomposition),
or oxidizers containing the NO, group while
being less sensitive than HMX or RDX.

It is hoped that the large amount of
information gathered and the understanding
acquired about the already used propellants
ingredients will allow an efficient approach
to the mastering of the behavior of the new
ingredients and the corresponding
propellants.
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Modeliing Aspects of Solid Propellant
Steady-State Combustion

by

Kenneth K.Kuo, Ph.D.
Director of the High Pressure Combustion Laboratory
Dept. of Mechanical Engineering
312 Mechamcal Engineering Building
University Park
Pennsylvana 16802
United States

ABSTRACT

In the modelling of steady-state burning of composite propellants under zero cross-flow situations, a
comprehensive review was made by Prof. K.N.R. Ramohalli of the University of Arizona, as Chapter 8 ofa
recent AIAA Progress Senes volume entitled, Fundamentals of Solid Propellant Combustion, edited by
Profs K.K.Kuo and M.Summerfield Also, an excelient chapter on “Stcady-State Burning of
Homogeneous Propellants™, was contributed by Dr G.Lengellé and co-workers in the same book volume.
The contents of their chapters will be used as the key material for presentation in the first lecture topic. For
the combustion of composste propellants, certain basic aspects related to solids loading, particle size and
shape, binder type, processing influences, and the vapor phase mechanics will be briefly mentioned 1n an
effort to develop a feeling for the composite propellant system. Typical burn-rate influences of ingredient
and processing variations will be mentioneé. The majority of the discussion focuses on the most widely
used type of compostte propellant, Ammonium perchlorate (AP) as an oxidizer with mert hydrocarbon
binder systems. The thorough analysis of AP combustion by Giurao and Withams, the granular diffusion
flame model of Summerfield, the Hermance model, the Beckstead-Derr-Price model, and the petite
ensemble model will be described. More recent statistical analyses of polydisperse heterogeneous systems
will also be presented

For homogeneous propellants, the key process which control the burning rate will be discussed. The
theoretical formulation, which includes goverming equations for both solid and gas phases, the chemical
kinetic considerations, boundary conditions, etc., will be described. Some comparisons of calculated
results with experimental data will also be presented.

All of the presentation matenials are available in the open literature.
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EROSIVE BURNING OF SOLID PROPELLANTS

Merrill K. King
4634 Tara Drive
Fairfax, Virginia 22032
USA

SUMMARY

This paper presents a review of experi-
mental and modeling work concerning erosive
burning of solid propellants (augmentation
of burning rate by flow of product gases
across a burning surface), with particular
emphasis on studies by this author. A
brief introduction describes motor design
problems caused by this phenomenon, parti-
cularly for low port/throat area ratio
motors and, in the Timi., nozzleless
motors. Various experimental techniques
for measuring crossflow sensitivity of
solid propellant burning rates are
described, with a conclusion that accurate
simulation of the flow, including upstream
flow development, in actual motors is
important since the degree of erosive
burning depends not only on local mean
crossflow velocity and propeltant nature,
but also on this upstream development, In
the modeling area, a brief review of "simp-
1ifi1ed” models and correlating equations is
presented, followed by description of more
complex numerical analysis models, Both
composite [ammonium perchlorate (AP)] and
double-base propellant models are reviewed,
with emphasis on this author's models. A
"second generetion" composite model
developed by this author is shown to give
good agreement with data obtained in a
series of tests in which composite propel-
lant composition and heterogeneity
{particle size distribution) were systema-
tically varied. Finally, use of the
numerical models for development of erosive
burning correlations (of much more
practical use to the balilistician) is
described, and brief discussion of scaling
(particularly of minimum velocity required
for initiation of erosive burning) is
presented.

1.0 INTRODUCTION/BACKGROUND

The flow of combustion product gases at
high velocity across a burning solid pro-
pellant surface is often found to lead to a
significant increase in burning rate over
that obtained at the same pressure in the
absence of cross-flow - this phenomenon is
referred to as erosive burning and the
increase in burning rate is known as the
erosive burning rate. An example of this
effect is shown in Figure 1, where data of
Marklund and Lake (1) are presented in the
form of burning rate versus pressure curves
for an AP/polyester propellant at several
crossflow velocities. With most (but not
all) propellants, there is a minimum cross-
fiow velocity below which erosive burning
is not observed - this is referred to as
the threshold velucity and can be as high
as several hundreds of meters/second, par-
ticuiarly for high-burning-rate
formulations,

In recent years, requirements for ever
higher propellant mass fractions in solid
propellant rocket motors and for higher
thrust-to-weight ratfios have led to
development of centrally-perforated grain
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Figure 1., Erosive Burning of an AP/Polyester
Propellant as a Function of Pressure
At Several Gas Velocities (1)

confrgurations with retatively low port-to-
throat ratios. As a result, during the
early portion of operation of such motors,
there are high velocities across burning
propellant surfaces in the aft portion of
the grain, with these velocities rapidly
decreasing with time as the grain port
opens up. The erosive burning accompanying
these high velocities, even though partly
offset by burning rate decreases accom-
panying resultant pressure decrease down
the bore (see Reference 2 for sample calcu-
Tations) leads to an initial overpressure
relative to mean operating pressure during
the early portion of the motor operation,
in turn leading to requirement for a
heavier case for a given mean operating
pressure (undesirable). In addition, if
the designer does not somehow compensate
for the unequal initial burning rates along
the grain (for instance by using a thicker
web in the aft regions) the propellant will
burn out unevenly, leading to a leng pres-
sure and thrust tailoff (often also
undesirable),

Use of grain configurations with slots,
stars, or "wagon-wheels” at various loca-
tions along the port fs common practice:
in many cases, velocities of gas flow in
these regfons can become quite high
relative to mean flow through the central
port, again leading to local erosive
burning which must be compensated for in
the motor design, Little attentfon has
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been given to this problem 1n published
literature - a recent effort by Ayris and
Petrovic (3) does address erosive burning
in a star-configuration centrally-
perforated motor.

A series of studires has demonstrated that
the nozzleless motor concept (mass flow
choking at the end of a cylindrical bore)
offers significant economic anc nperational
advantages over a more conventiunal rocket
system when considered for some tactical
weapon systems (notably air-launched
iatec;al-rocket-ramjet systems where
ejection of 2 “hroat pack during transition
from boost sustain operation is highly
undesirable). This concept requires that
the flow within the bore or central
perforation of a grain accelerate to the
point tnat sonic conditions are achieved at
the aft end. In this situation, the high-
velocity environment results in substantial
erosive burning, with burning rates signi-
ficantly higher than those measured in 2
conventional strand bomb being encountered.

Nozzleless rockets present 2 unique
challenge to analytical understanding
because the gas velocity reaches sonic and
supersainic velocitires on the grain
surfaces, leading to a realm of erosive
burning never before considered. The
effects are critical in that the erosive
burn rate contributions strongly influence
performance level, performance repeata-
bility and thrust misalignment. More than
in any conventional motor, the exact
erosive burn rate behavior must be held
constant from batch to batch if reproduci-~
bility 1s not to be a problem. The perfor-
mance sensitivity of a nozzleless motor to
erosion is due to the fact that the maximum
erosion occurs at the choke point in the
bore, Since this point 1s the effective
throat area, and the throat area versus
time 1s thus a function of regression rate,
the resuit 15 a chamber pressure history
which varies strongly with erosion.

With nozzleless motors, the effects of
erosive burning are further magnified due
to higher crossflow velocities (in the

Mach 1 renge) ano due to the fact that the
aft end port/threoat area ratio does not
decrease with time since the aft end is the
throat (i1n most cases)., Assuming that an
erosive burning rate correlation of the
form r/ro = 1 + koM (M being the crossflow
Mach Number) is applicable and allowing for
the fact that static pressure decrease down
the bore accompanying the velocity increase
tends to decrease burning rate for propel-
lants with a positive pressure exponent
{usual), countering the erosive effects to
some extent, it may be shown (Reference 2)
that for a nozzleless motor with a uniform
bore radius

raft ; (k2 + 1)

= 7 (1)
‘fore (y + 1}"

where r is the local burning rate {function
of pressure and crossflow velocity), y is
the product specific heat ratio, and n is
the propeltant burn;ng rate-pres;ure
exponent., Values of (r /r as
a function of the erosiefgy gg;gtgggtlE;)
and the burning rate exponent (n) are
preseated in Table I. As may be seen, for
the case of no erosion (k, = G) the aft end
will recede more slowly than the fo'e end,
due to lower prassure at the aft end., As

Table I. Simplified Ballistic Analysis of
a Nozzleless Motor With Uniform
Port Area.
rirg = 1+ koM, ro o« pph

n

~
~n

raft/Teore

|
I

0.72
1,08
1.45
1.80
0,61
0.92
1.23
1,54
0.52
0.78
1.05
1.31
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k, increases, the r /r ratio also
\%creases, going th?gughfgﬁ?ty {generally
desirable) at a value of k, which depends
on the burning rate exponent. The results
of Table I give some indication of the
sensitivity of nozzleless motor design to
vhe erosive burning characteristics of the
propeltant and thus further point out the
importance of information regarding the
propellant's erosive burr ng charac-
teristics to the designer.

Since there is such a strong interaction
between the local flow environment and the
propellant burning rate, it 1s necessary to
be able to predict this interartion in
order to design and calculate the per-
formance of a low port/throat area ratio
rocket (particularly a nozzleless rocket
with a port/throat area ratio of unity).
With such a predictive capability, the
motor designer can either design his grains
to compensate for mean ercsive burning
effects on grain burn pattern, or, knowing
how propellant formulation parameters
affect erosion sensitivity, vary propellant
parameters in such a way as to minimize
these effects. Accordingly, considerable
effort, experimental and analytical, has
been carried out over the past few decades
with the goals of understanding, being able
to predict, and being able to control
erosive burning characteristics of solid
propellants., An excellent review of much
of this work is presented in Reference 4.

2.0 EXPERIMENTAL STUDIES OF EROSIVE
BURNING

In the experimental characterization of
erosive burning of solid propeliants, the
investigator is faced with a conflict
between a desire to perform inexnensive
tests with relatively easy direct measure-
ment of burning rate in the presence of
crossflow (as exemplified by tests in which
a hot product gas stream generated by a
"driver" motor is passed over strips or
pellets of the propellant of interest, with
relatively easy optical access for measure-
ment of burning rate as a function of pres-
sure and crossflow velocity) and a desire
to more accurately simulate the development
of the flow field upstream of the point of
interest seen in an actual motor (which in
the 1imit can only be done by performing
actval motor tests). This latter method
has the disadvantage that while the erosive
burning process is being studied under
actual motor conditions, these conditions
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are difficult to determine accurately,
Pressure and velocity vary through the
chamber and also change with time. Such
burn rate measurement techniques as inter-
rupted burning must use time-averaged
values, and the time periods must be rela-
tively long. Continuous meacurement of
burning rates within a rocket by x-ray
requires spec.al elaborate equipment. The
use of probes to measure burning rates and
pressures is difficult because many probes
are required, and also runs the risk of
interfering with the chamber flow and dis-
turbing normal burning.

The major drawback of former method lies in
the fact that, as pointed out by several
authors {5-10), the level of burning rate
augmentation depends not only on the mean
crossflow velocity at the point of
interest, pressure, and the propellant
itself, but also on the influence of the
upstream nature of the procduct gas flow on
the local turbulence structure. In actual
cylindrically perforated motor grain ports,
the flow is highly two-dimensional in the
forward part of the of the motor, where
fnertial terms in the momentum equations
describing the flow dominate the viscous
terms, leading to the classic "inviscid no-
s1ip" velocity profiles, described by
Culick (11) and measured in cold~flow simu-
lations of cylindrically-perforated motors
by Yamada and Goto (12) and Dunlap, et a?l
(13). Beddini (8,9) has performed exten-
sive analysis of the development of such
flows, obtaining good agreement with the
cold-flow experimental work - from his
studies, he concludes that turbulence first
develops in the center of the grain port
and eventually works out to the walls
(propellant surface) with subsequent
development of more nearly classical one-
dimenstonal boundary layer profiles as the
blowing ratio (ratio of radial velocity of
products leaving the propellant surface to
crossflow velocity) decreases down the
motor port. Kutataladze and Leont'ev (14)
have developed empirical relationships for
the skin friction coefficient in such
transpired flows in which, for blowing
ratios above a critical value (which
depends on several parameters) the boundary
layer 1s considered to be totally blown off
the surface (analogous to Beddini's conclu-
sion that a turbulent boundary layer does
not exist in the high-blowing-ratio
upstream regions of the motor), 1In
Kutataladze's formuilation, as in other
correlations of blowing effects, as the
blowing ratio decreases further below this
critical value, the ratio of skin friction
to zero-blowing skin friction (for a given
crossflow Reynolds' Number) increases con-
tinuously until it approaches a value of
unity at very low blowing rates (classic
fully-developed boundary layer).

Obviously, in experiments where product
gases are blown across tablets or other
small specimens of propellant without the
upstream houyndary layer attachment and
development phenomena seen in cylin-
dricaliy-perforated motors (or, even worse,
in slots or other complex central port
configurations, which to this author's
knowledge have received no attention to
date as regards boundary layer development)
the turbulence profiles will be different
at a given crossflow velocity than in suck
CP grains, Whether the resultant effects
on erosive burning raie at a given pressure
and crossflow velocity are first or second
order is not clear to this author at this
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time, but it seems highly unlikely that
they are totally negligible.

The measurement of erosive burning by use
of propellant specimens located outside of
a rocket chamber has been investigated by
Viles (15), Zucrow (16}, Vilyunov, et al
(17), Saderholm (18), and Marklund and Lake
(1), the last authors using two experi-
mental configurations, one with tablets and
the other with strips of solid propellant,
both positioned inside a tube connected to
the exhaust stream of a test rocket. As
discussed above, there is considerable
question about the nature of the flow
across the specimen, but the parameters of
mean flow rate, pressure, regression rate,
and even temperature are relatively easily
measured quite accurately in such a

device. Both Viles (15) and Saderhoim (18)
tested the validity of their data as
pertains to actual motor conditions by
calculations of a number of pressure-time
curves for motor firings under erosive
conditions using the data obtained from
their measurements with externally-located
samples. Agreement between these calcu-
Tations and measured pressure-time traces
were excellent, leading them to conclude
that their experimental procedures for
obtaining erosive burning rates were

valid,

As indicated above, the use of actual motor
tests to determine erosive burning charac-
teristics of propellants has the advantage
that the erosion process is being studied
under the exact conditions that prevail 1n
a rocket chamber, The disadvantage is that
these conditions are difficult to determine
accurately. Green (14), Kreidler (20), and
Peretz (21) have all utilized interrupted-
burning techniques in studying erosive
burning. Ayris and Petrovic (3) have
utilized real-time X-ray techniques to
study erosive burning 1n a star-configura-
tion motor, with limited success to date.
Strand, et al (22,23) have utilized plasma
capacitance gages to measure erosive
burning 1n CP grain motors, while Traineau
and Kuentzman (7) have used ultrasonic
burning-rate measurement techniques to
study erosive burning in nozzleless

motors. Finally, Waesche and 0'Brien (24)
have evaluated (on paper) various possible
techniques, including microwave-doppler
measurements, for continuous measurement of
burning rates at various localions along a
cylinirically-perforated-grain motor.

In addition to experimental studies
invelving external flow of propellant
exhaust gases across tablets or other smaill
propellant specimens (one extreme, yielding
relatively 1nexpensive tests and ease of
data analysis, but with major doubts as
regards direct relevance to motors as
discussed above) and those involving actual
use of motors (other extreme, expensive,
with difficulty in obtaining accurate
measurements) three additional experimental
approaches for study of erosive burning,
offering compromises between these 1imits
have been empioyed by investigators at
Princeton University (25), Pennsylvania
State University (26}, and Atlantic
Research Corporation (27): these are
briefly described below.

The Princeton study employed a 50 ¢m long
stab motor (depicted in Figure 2) which
could be quenched during the early stages
of motor operation. This siab motor had 2
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Figure 2, Princeton University Slab Motor Used
To Obtain Brosive Burning Data (25)

rectangular port with two opposing flat
propellant slabs cast into trays, each stab
being 2.54 cm wide by 49.2 cm long with an
initral gap between slabs of (typically)
0.7 cm. Rectangular nozzles were sized to
give 1nitial port-to-throat area ratios of
1.50, 1,20, and 1.06, corresponding to Mach
Numbers at the end of the slabs of 0.4 to
0.7. A liquid quench system was used to
extinguish the propellant at 0.05 to

0.07 seconds after 1gnition. Static
pressure versus time and total distance
burned were measured at five axial
locations. A desired form of erosive
burning rate expression and one-dimensional
compressibie flow equations were integrated
with various choices of adjustable para-
meters in the erosive burning rate
expression until optimal agreement of
measured and calculated pressure~time
variation at all measurement locations was
obtained. (Lack of instantaneous burning
rate data necessitated specification of an
erosive burning rate expression form,
though the form is not restricted as to
type) with the measured (post-test) erosion
data being used to evaluate unknown
constants in the expression for a given
propeliant and operating pressure.

In the experimental study at Pennsylvania
State University, two-dimensional slabs of
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Figure 3. Schematic Diagram of the Erosive-
Burning Test Apparatus Employed At
Ponnsylvania State University (26)
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propellant were utilized in a windowed test
chamber with hot combustion products from &
“driving motor" flowing over the sample at
various velocities (subsonic and super-
sonic) and chamber pressures. (See

Figure 3.) The test chamber was 39 cm long
with a rectangular cross-section of 7 cm by
2.54 ¢cm. This chamber was equipped with a
transparent plexiglas window assembly
composed of an inner sacrificial window, a
middle window, and a top window, with the
inner window being replaced after each
test., The test-propellant sample was
clearly visible through this assembly. An
interchangeable wedge-shaped steel tleading
edge was used, with the test propellant
sample being glued to the top flat surface
of the leading edge, whose length (10.8 cm)
allowed development of a turbulent boundary
Jayer over most of the propellant sample
(though Tikely somewhat different in struc-
ture from the turbulent boundary layer
encountered in an actual motor). The spil-
lage channel depicted 1n Figure 3 was used
t.o enable the boundary layer to develop
from the beginning of the leading edge. An
interchangeable top plate was used to vary
channel height and thus gas velocity across
the sample. (Pressure gradient could also
be varied by use of a tapered top plate.)
An interchangeable exit nozzle was used to
control pressure {(and, in combination with
the top plate, velocity in the test
chamber), The instantaneous regression
rate of the propellant was recorded by a
high-speed (1000-1500 frames per second)
camera and deduced via a motion analtyzer.
Details of the experimental device, test
procedures and data analysis procedures
(notably used for calculation of burning
rate and free-stream gas velocity in the
test section, not directly measurable) are
given in Reference 26.

W e

The experimental test apparatus and pro-
cedures employed in the Atlantic Research
study of erosive burning are described in
detail in Reference 27, A schematic of the
basic test apparatus 1s presented as
Figure 4, A cylirdricaliy~performated 6C4
driver grain (15,2 c¢m outside diameter,
10.2 c¢m inside diameter) whose length was
chosen to give the desired operating pres-
sure for a given test, produced a high
velocity gas flow through a transition
section into a rectangular test section
which contained the test grain (generally
the same formulation as the driver

grain)., The contoured transition section

TEST GRAIN
40.¢m LONG X 190cm DEEP X 25 cm WEG
{16n LONG X 34w DECP X 1 in WED}

WINDOW -

E 2L

ORIVER GRAIN PORT 180cm X 190¢em
{hin X ftin}
FLOW CHANNEL

BURNING

OFTIONAL 20
SURFACE yozzie
TPANSITION

[ / SECTION
1 INCH WEB DRIVER
GRAIN BURNING ONLY
ONPORT SURFACE

TESTGRAIN, | 90 cm X 23 cmWES
(3840 X 1 in WES)

\
STAYIC AND TO AL PRESSURE MEASUREMENT
AT EACH WINDOW LOCATION

OWARE
(15.2 cm DIAMETER
X 29 cm LONG)

L0 VIEW

SURNING SURFACE
OF TEST ORAIN

Figure 4. Schematic of Atlantic Research Erosive
Burning Test Apparatus (27)
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was approximately 10 cm long. The test
grain extended from the test section back
through the transition section to butt
against the driver grain in order to elimi-
nate leading edge effects which would be
associated with a test grain standing
alone, The test grain was approximately

30 ¢cm long (plus the 10 cm extending
through the transition section) by

1,90 x 2.50 cm web and burned only on the
1.90 c¢m face. The flow channel of the test
section was fnitially 1.90 cm x 1.90 cm,
opening up to 1.90 cm x 4.45 cm as the test
propellant burned back through its 2,54 cm
web, For high Mach number tests, the
apparatus was operated in a nozzleless mode
with the gases choking at or near the end
of the test grain, while for lower Mach
Number tests, a two-dimensional nozzle was
installed at the end of the test channel.

During each test, pressure and crossflow
velocity varied with time and location
along the test grain. (For the nozzleless
tests, pressure varied significantly with
time ana location, while crossflow velocity
varjed considerably with location but not
significantly with time. For tests using a
nozzle with an ini1tial port to throat area
ratio of 1.5 or higher, on the other hand,
pressure did not vary strongly with loca-
tion but did rise with time due to the
progressivity of the driver grain, wnile
crossflow velocity varied strongly with
time and stightly with location.) These
variations permitted design of tests to
yreld considerable burning rate-pressure-
crossflow velocity data in relatively few
tests, provided that these parameters could
be measured continuously at several loca-
tions along the test grain. These para-
meters were measured in the following
manner,

The burning rate was dicectly measured by
photographing the ablating grain with a
high-speed motion picture camera through a
series of four quartz windows located along
the length of the test section. Frame by
frame analysis of the films permitted
determination of wnstantaneous burning rate
as a function of time at each of the four
window locations,

For nozzled cases, the measured location of
the buraing propellant surface at each
window as a function of time, together with
the known constant throat area, permitted
straightforward calculation of the cross-
flow velocity as a function of time.
However, the very sensitive dependence of
Mach Number on area ratio for M > 0.5 made
calculation of crossflow velocity from area
ratio measurement quite poor for nozzleless
cases. Accordingly, for these tests, stag~
nation pressure was determined at the aft
end of the test section and used in
combination with the driver chamber pres-
sure for calculation of the stagna.ion
preéssure in the test section as a function
of time and position, Static pressure wall
taps at each window location were used for
measurement of static pressure as a
function of time for both nozzled and
nozzieless cases. From the static and
stagnation pressure values determined as a
function of time and position down the test
section, crossflow Mach Number and velocity
were calculated as a function of time at
each window location in the test section
for the nozzleless cases.
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In general, studies of the erosive burning
of solid propellants have involved use of
only one, or at most, two to four different
propellants, without study of the effects
of systematic variation of propellant
compositional and heterogeneity charac-
teristics on sensitivity of burning rate to
crossflow velocity. General observations
from these studies (1,15-20,28-30) include:

1. Plots of burning rate versus gas
velocity or mass flux at constant
pressure are usually not fitted best
by a straight line,

2. Threshold velocities are often (but
not always) observed.

3. Occasionally, "negative" erosion rates
are observed. (There is some contro-
versy as to the cause, with a
preponderance of opinion learning
toward it being stifling of the pro-
pellant combustion by flow of melted
binder across o dizer crystals.)

4, Slower burning propellants are more
strongly affected by crossflows than
higher burning-rate formulations,

5. At high pressure, the burning rate
under erosive conditions tends to
approach the same value for all pro-
pellants {at the same flow velocity)
regardtess of the burning rate of the
propeliants at zero crossflow.

6. Erosive burning rates do not depend
upon core gas temperature of the
crossflow (determined from tests in
which various "driver propeillant's"
products are flowed across a given
test propellant).

One exception to the statement that in most
studies to date, examination of the effects
of systematic variation of propellant para-
meters (composition, oxidizer particle
distribution, etc.) on sensitivity of the
propellant to crossflow was not carried out

Table II. Propellant Matrix (AP Composite
Propellants) Tested by King (31-33).

Formulation Compos 1tion Rationale

4525 73727 AP/HTPB, 20u AP Baseline Formulation, Flame

Temperature = 1667k

Compare with 4525 for AP $ize
Effect ana Base Burning Pate
Effect

Compare with 4525 and 5051 for
AP Size Effect and Base Surning
Rate Effect

Compare with 4525 for Sase

5051 73/21 AP/NHTPS, 2004 AP

4685 73/27 AP/NTPS, Su AP

4869 12/26/2 APINTPS/Fey0,y,
20u #

furning Rate Effect at constant
AP Stze

5542 77723 APIKTPS, 204 AP Compare with 4525 for Mixture
Rat1o and Flame Temperature
Effect at Constant AP Size,
T - 2065k
8565 82/18 AP/HTPS, 13.65% AP Sizes Chosen to Match Base
90 AP, £8.35% 200u AP furning Rate of 4525. Compare
With 4525 for Mixture Ratio ang
Flame Temperature Effect
T« 2575K
$555 82/18 AP/HTPS, 41% 1y AP, Compare with 5565 for Effect of
41% 7p AP Sase Burning Rate
7993 A2/1R p/uvea 41T 7, ap, Foriher Stuay ot AP Size #rd
41% 0p AP Base Burning Rate Effects
799 82/18 AP/HTPE, 41% 20y AP, Further Study of AP Size and
41T 2004 AP Base Burning Rate Effects
8019 82/18 AP/HYPE, 27.3% 1y AP, Further Study of AP Size and
27,3% 20u AP, 27.4% 200y AP Base Burning Rate Effects
6626 T4/2175 APIHTPB/AY, Same Flane Temperature and Base
708 %0u AP, 43 200u AP Burning Rate as 5565, Compare
with 5565 for Al Effect.
750 70/28/2 AP/Polyester/Fe,0y Baseline Polyester Formulation,
(20p AP) T = 2250K, AP Size Chosen to
Hatch BR of 4869 ~ Compare with
1859 for 3inder Effect
7605

18/2072 »/Po!ynnr/hzo,
Bimodat AP (23.4% 20y,
§4,6% 200p)

Hedium Temperature (2800K)
Polyester Formulation. Compere
with 7523, Also compare with
$542 for Binder Effect at Nearly
Constant Buse Burning Rate

.
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is the work of King (31-33) who
systematically varied parameters with a
series of eleven AP composite propellant
formulations, listed in Table II (atong
with rationale for their selection).
Detailed results of this test series
(carried out in the Atlantic research test
apparatus described above) will be given in
a later section where measured erosive
burning rates are compared with predictions
of a composite propellant erosive burning
model by King. A summary of the observed
effects of various parameters on € (the
ratyo of burning rate with crossfliow to
that without 1t) at constant pressure and
crossflow velocity is presented here as
Table II1., As observed by previous studies
{summar1zed above), base (no-crossflow)
burning rate is seen to have a major effect
on crossflow sensitivitv, erosive burning
ratio increasing with decreasing base rate
at fixed pressure.

Table III. Effects of Various Formulation
Parameters on Sensitivity of
AP-Composite Propellants to
Crossflow as Observed by
King (31-33).

Comparison Parameters Studied £ff22t or Erosive Burning

4525, 5051, Varied dy,, r, ot Flxed dp bergreed

W Binder Thpe,’Fixed Flame

Temperature
4525, 4869 Yarted r, at Fixed AP Size, ! e
8inder Type, ang Flame
Temperatire
4685, 4869 Yaried d, ot Fized r,, 4. ¢ ot 4 Slightly
8inder Thpe, 400 Flare 4
Temperature
4525, S542  varied O/F Ratio (and Thus Tptmrgrees
Flame Tempersture) and r,,
at Fixed Binder Type énd
Fixed AP Size
§565, 4525  Varied O/F Ratio (and Thus Te e # € Unthanged
Flame Tesperature) at Fixed
Sinder Type and Fixed r,

5565, $555, Varied d,, r, at Fixed gy e mr,ree

7993, 7936,  ainder 1pe,’F ised Flave 2

8ot9 Temperature

5565, 6626  Alusinum Yersus Nor- Al = ¢ Unchanged

Alusinun ot Fixed r,,
Binder Type, ang Fllne
Tengerature
4869, 7523 Oifferent Binger Type: ry, At Low P, € Unchanged
d, Held Constant, AL Righ P, ¢ Righer for Colyester
0Y¥¢fertng Flame Temperature
(Polyester Hotter)
5582, 7605  Nifferent Binder iype, - At Low P, o Unchanged

Held Constaat, Differing
Flame Temperature (Polyester
Hotter) and d,

AL High P, ¢ Higner for Polyester

Conclusions from Above Comparisons

1. The augmentation factor is strongly
dependent on base burning rate.

2. There is a small residual effect of
oxidizer particle size, at fixed
burning rate.

3. O0/F (flame temperature) effects ¢ for
HTPB systems only through effect on
base burning rate.

4. At fixed base burning rate, aluminum
has no effect on €.

5. Polyester binder formulations are
slightly more sensitive to crossfiow
than HTPB formulations at fixed base
burning rate.

Oxidizer Particle Diameter
ro - Base (Mo Crossflow) Burning Rate

dp -

T - Flame Temperature

€ - r/r, (Ratio of Burning Rate With
a G?ven Crossflow to the Base
Rate)

0/F - Oxidizer/Fuel Ratio

3.0 EMPIRICAL EXPRESSIONS AND RELATIVELY
SIMPLE MODELS FOR CALCULATION OF
EROSIVE BURNING RATES

Severa) empirical expressions for calcu-
lation of the ratio of total burning rate
{expressed as the sum of zero-crossflow

rate plus erosive contribution) of a pro-
pellant to the zero-crossflow rate at the
same pressure appear in the literature -

these generally take one of the following

i B i

forms: '
e-r/ro-xoxl(v-vt)"‘.msl (2)
e ar/rg =1k, (M-M)" sl (3)
e ~rlrg =1 Ky (6-6)", ms1 {4
€ = Erosion ratio
r = Total burning rate
"o ~ Normal burning rate (no
crossflow) at the same
pressure
K1 Kos K3 « Empirical constants
v = Crossflow velocity
M = Crossflow Mach number
G = (Crossflow mass flux
m - Empirical constant

where the subscript "t" refers to threshold
crossflow conditions below which erosion
does not occur, (Some propellants have
been correlated with non-zero threshold
values, while others have been correlated
with threshold values set equal to zero.)
Effective implementation of such expres-
sions to describe the response of solid
propellant burning rates to crossflow of
course requires a fairly extensive data
base for each propellant of interest over
the range of pressure and crossflow
velocity range of interest (extrapolation
being quite risky).

Since characterization of a given formula-
tion's burning rate dependency on crossflow
at various pressure levels tends to be
fairly expensive, a model which permits the
designer to predict this dependency without
erosive burning testing of various candi-
date formulations for a given application
is highly desirable, 1In addition, an
accurate model which properly accounts for
the mechanisms involved in erosive burning
can be used by a propellant formulator in
developing a formulation which will have
desired ballistic properties in a given
motor design with a minimum of trial-and-
error searching. As a minimum, a model !
which will permit prediction of erosive

burning over a wide range of conditions for

a given formulation, given only relatively

inexpensive strand-burning data is highly

desirable., Even better would be the ulti-

mate development of a model which would

permit prediction of burning rate as a !
function of pressure and crossflow velocity
given only composition and ingredient size
data. Such a model should provide explana-
tion of the observed burning rate charac-
teristics in the presence of crossfiow in
terms of the hydrodynamic congditions
induced near the propellant surface by the
crossflow coupled with the chemical and
physical processes which constitute the
propellant deflagration mechanism, [n the
latter area, 1t appears obvious that dif-
ferent models are required for homogeneous
(double-base) and heterogeneous (composite}
propellants,
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Over the years, a large number of erosive
burning models of varying degrees of
sophistication have been developed; a list
of models examined by this author {(with the
exception of several complex models
utitizing extensive numerical analysis
procedures, which are described in the next
section) is presented as Table IV, These
models mostly fall into one of three cate-
gories, as indicated.

Table IV, General Categories of Models of
Erosive Burning Briefly
Discussed in This Section

(Section 3.0).

1. Models Based on Augmented Heat Transfer
From the “Core Gas" in the Presence of
Crossfiow.

e.g., Lenoir and Robillard (34)
Zucrow, Osborn, and Murphy (35)
Saderholm (18)

Markland and Lake (1)

2. Models Based on Alteration of Transport
Properties in the Region Between Flame
Zone(s) and the Propellant Surface by
Crossflow.

e.g., Saderholm, Biddle, Caveny, and
Summerfield (36)
Lengelle (37)
Corner (38)
VYandenkerchove (39)
Zeldovich (40)
Vilyunov (17)
Geckler (41)
Parkinson, et. at, (5,6,42)

3. Models Based on Chemically Reacting
Boundary Layer Theory

e.g., Tsujr (43)
4, Miscellaneous

e.g., Klimov (44)
Molnar (45)
Miller (46)

Models in the first category are based on
the assumption that the erosive burning is
driven by increased heat transfer from the
mainstream gas flow resulting from the
increased mass flux parallel to the grain
surface. The best-known and most widely
used model, that of Lenoir and Robillard
(34), fails into this category. Since this
model is the one most widely used today by
motor designers (actually it is a data-
fitting” tool, requiring experimental data
for each new formulation, rather than a
true predictive model), it will be
discussed in more detail than the others,
In this model, the authors state that the
total burning rate (r) fs the sum of two
effects: a rate dependent on pressure (r
the normal burning rate), and a second
erosive rate (r,) dependent upon the
combustion gas $low rate. This equation
entails an assumption that the pressure-
dependent "base" rate, ro» is unaffected by
an increase in total rate at a given pres-
sure, an assumption which almost certainly
cannot be true. This problem has been
discussed in detail oy King (47), with

o

derivation of a modified Lenoir and
Robillard expression aitlowing for the
coupling of flame standoff distance with
burning rate. While Lenoir and Robiltard
assume r = r, + r,, allowance for fhe
coupling effect results inr = (r,c/r) +
ro. In physical terms, Lenoir ana
Robillard have failed to account for the
fact that the 1increased burning rate caused
by erosive feedback at constant pressure
results 1n the propeltant flame being
pushed further from the surface, decreasing
its heat feedback rate and, thus,
jecreasing the propellant burning rate part
)f the way back toward the base rate.

A more general weakness of models in the
first category 1s that these models predict
substantial dependence of erosive burning
on the temperature of the core gas; such
dependence was found by Markland and Lake
(1), in experiments with propellant tablets
exposed to crossflow products from motors
operating at different flame temperature
{(1700°K and 2400°K) and later by King (48),
in the Atlantic Research apparatus
described earlier (with driver propellants
with flame temperatures of 1667°K and
2425°K) to be completely absent. (The
Lenoir and Robillard model predicts that
the erosive contribution should be

50 percent higher with the higher
temperature driver in each case, as
discussed in detail in References 27 and
48.) This observed lack of depenucnce of
erosive burning rate on core gas
temperature tends to indicate that all
models 1n the first category in Table 1V
are on shaky grounds.

The model of Zucrow, O0sborn, and Murphy
(35) is worthy of particular attention,
since it is the only model known to this
Ariter which permits prediction of negative
erosion which has been observed in some
cases, However, it may be shown that this
prediction results from a physically impos-
sible result of a mathematical extrapola-
tion, The basic burning rate expression
employed is:

. h (TCOmbustion - Tsurface, avg.)
Wprop (5)

r -
r0

where Q is basically the heat required to
preheat and vaporize unit mass of the pro-
peltant (with some corrective adjustments)
and h is the heat transfer coefficient from
the core gas to the propellant surface,
Ancillary expressions used 1nclude:

ey (C4/Cy0) (6)
Ch/Cho = 1 - ByB n

8 - "proprclchcG (8)
where B, is> a constant transpiration para-
meter ald C, . and h are the Stanton Number
and the heag transfer ccefficient in the
absence of crossflow, all other parameters
being as defined eartier,

The difficulty l1ies in the use of

Equatfon 7 for the ratio of the Stanton
Number with crossflow to that without
crossflow. This expression should only be
used for values of 8.8 << 1, As it is, at
sufficiently small vzlues of G, 8

exceeds 1/8.. When this occurs, Equation 7
yields a negative value for the Stanton
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Number (violating the Second Law of Thermo-
dynamics), and thus the heat transfer
coefficient h becomes negative,and the
second term of of Equation 5 also becomes
negative, ytelding a predicted burning
rate, r, less than the burning rate in the
absence of crossfiow, roe The correct
1imit for C /Ch as G » 0 (8 + =) 15 unity,
while Equation Vi predicts it to go to minus
infinity,

The models of Saderholm (18) and Marklund
(1) are not vastly different from that of
Lenoir and Robillard, except that Saderholm
totaily fgnores the "base" (no crossflow)
buraning rate in comparison to the erosive
contribution, a treatment that seems a bit
drastic, particularly for fairly low cross-
flow velocities.

The second category of models listed in
Table 1V includes models based on the
alteration of transport properties in the
region between the gas flame and the pro-
pellant surface by the crossflow, generally
due to turbulence effects. Included in
this category are models in which the
thermal conductivity in this region fis
raised by turbulence and models in which
the time for consumption ¢f frvel gas
pockets leaving the surface is reduced by
the effects of turbulence on diffusivity,
Four of these models were developed for
double-base propellants. 1In three of
these, the models of Corner (38), Zeldovich
(40), and Vi¥lyunov (17), the basic approach
1s to calculate, using various boundary
layer hydrodynamic models, an effective
ratio of turbulent thermal conductivity (or
diffusivity) to laminar conductivity and
relate this to increased flux to the pro-
pellant surface from the gas flame and,
thus, to increased rate of ablation of the
propeltant surface. The Vanderkerchove
(39) model, however, is somewhat

different. In this model, he assumes that
the key heat transfer driving temperature
is achieved ot the inner edge of the fizz
zone, He then assumes that in cases where,
in the absence of crossflow, this fizz zone
would begin at a distance from the surface
greater than the distance from the surface
to the edge of the laminar sublayer (calcu-
lated from a universal u*, y* correlation
approach) with crossflow, this edge of the
fizz zone will be fixed by the edge of the
l1aminar sublayer., Whenever this is the
case, the resultant "flame" position will
be closer to the surface than without
crossfiow, the resultant heat flux
(calculated as the ratio of the thermal
conductivity to the "flame" offsct
distance) will be higher, the propellant
surface temperature will increase, and the
propellant ablation rate will become
higher. Since the laminar sublayer
thickness decreases with increasing cross-
flow velocity, the burning rate will also
increase with this parameter,

The models of Lengelle (37) and Saderhoim,
Biddle, Caveny, and Summerfield (36) for
composite propellant erosive burning are
somewhat similar in principle, though the
tatter model is applied to the special case
of very fuel-rich propellants at quite low
crossflows. The basic propellant combus-
tion mechanfsm assumed is the granular
diffusion model in which pockets of fuel
vapor leave the surface and burn away in an
oxidizer continuum at a rate strongly
dependent upon the rate of micromixing of
the oxidizer vapor into the fuel vapor

pocket. The driving mechanism by which the i
crossflow is assumed to increase the
burning rate is through increased turbu-
Tence associated with increasing crossflow
raising the turbulent diffusivity in the
mixing region (thus increasing the rate of
mixing and decreasing the effective
distance of the diffusion flame from the
surface) and raising the effective
turbulent thermal conductivity, Both the
decrease in distance from heat release zone
to surface and the increase 1n thermal
conductivity increase the heat flux to the
surface, thus causing the propellant to
ablate more quickly. There are several
notable weaknesses associated with the
Lengelle model: (1) the granular diffusion
flame model is not physically realistic;
(2) the AP monopropellant flame is ignored;
and (3) the boundary layer treatment used
to calculate the dependence of the
effective turbulent drffusivity and conduc-
tivity on the crossflow is unrealistic 1n
its use of one-seventh power velocity law
all the way from the freestream to the
surface,

In the more recent studies of Parkinson,
et. al, (5,6,42), only alteration of the
effective thermal cornductivity between the
propellant gas flame zone and Lhe surface
by crossflow=-induced turbulence is
considered as a driving mechanism for
erosive burning. In their first work (42),
the authors use blown-boundary layer theory
to calculate the Stanton Number
{(controlling heat feedback) as a function
of the skin friction coefficient in the
presence of blowing, utilizing expressions
based on the work of Kutataladze and
Leont'ev (14) for calculation of this coef-
ficient., They then use the calculated
Stanton Number for comparison of the heat
feedback rate from the gas flame to the
surface with that based on pure conduction
(no-crossflow case), allowing for the fact
that increased burning rate will push the
flame zone further away from the surface
(under their assumption that the "delay
time" of the reaction is not affected by
the turbulence) in arriving at an expres-
sion for the total burning rate as a
function of the no-crossfiow rate and the
Stanton Number., 1In their two subsequent
papers (5,6), they expand their analysis to
include treatment of the taminar sublayer
thickness relative to the flame standoff
distance and modify their blown-boundary-
layer analysis to allow the skin friction
factor to only asymptotically approach zero
at high blowing rates, rather than being
identical to zero at biowing ratios .
{blowing rate/crossflow rate) greater than s
a critical value (Kutataladze approach). !

Only one model, that of Tsuji (43), is

listed in the third category of Table IV;

however, further modeiing efforts 1n this .
category, of considerably greater i
complexity, are discussed in the next
section. The Tsuji study, unfortunately,
is not particularly useful due to the
assumption of a totally-laminar boundary
layer and limitation to a situation wnere
the free-stream velocity {s proportional to
the distance from the head-end of the
grain, Other simplifications inctude
assumption of premixed stoichiometric fuel
and oxidizer (rendering the model inappli-
cable to composite propellant systems) and
use of one-step global kinetics.
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ia the "Miscellaneous” category of

Teble IV, the Klimov model (44) is mainly
aimed at calculation of threshold crossflow
velocities (below which the propellant is
unaffected by crossflow). Klimov claims
that the threshold velocity is the main-
stream crossflow velocity above which the
“turbulence front" subsides onto the
propellant surface (recall earlier mention
of Buddini's work (8,9) supporting this
hypothesis) and presents boundary-layer
analysis procedures for calculating this
threshold velocity as a function of the
transpiration (blowing) velocity of gases
ablating from the propellant surface, 1In
addition, he postulates that negative
erosion is due to "stirring up" of cool
streams of binder decompositon products
over the oxidizer surface, leading to
intensification of their cooling effect and
to screening of heat feedback from
oxidizer/fuel diffusion flames.

Molnar's model (45), developed for homo-
geneous propeliants with a laminar
crossflow, is based on an assumption (which
does not appear to this author to he
realistic) that the lateral veloci‘y
gradient at the burning surface governs
erosive burning. Miller (46) assumes that
the time for a unit of propellant mass to
be consumed is a 1inear sum of a chemical
reaction time and "the time required for
turbulent transport of heat to the propel-
lant surface"; such an additivity approach
seems Qquite unrealistic.

4.0 COMPLEX NUMERICAL ANALYSIS EROSIVE
BURNING MODELS

Modeling efforts in this area include those
of Beddini (8-10), with major emphasis on
fluid dynamic aspects but a very oversim-
plified unrealistic treatment of solid
propellant combustion itself; composite
propellant (49-51) and double-base propel-
lant (52) models by Kuo, et. al., with
emphasis on flow dynamic aspects but also
with inclusion of treatment of combustion
processes; a "first-generation” composite
propellant model (27,48,53), “"second-
generation” composite propellant model
(31,32,54), and a double-base propellant
model (55,56) by King (with more emphasis
on combustion mechanism details coupled
with a more empirical treatment of fluid
dynamic aspects); and a composite propel-
lant model by Renie, et. al, {57-59), which
is similar to and derivative of the King
"second-generation® composite model and
accordingly will not be discussed

further, The Beddini and Kuo models will
be briefly described below, while this
writer's models w#il11 be des ribed in more
detail (author's perogative!), It should
be noted that even the models emphasizing
fluid dynamic aspects of erosive burning
are limited to simple configurations and do
not deal with slots, stars, or other
irrejular perforations (often used {in prac-
tical motors) which generally result in
highly three-dimensional flows.

4.1 BEDDINI MODELING EFFORTS

Beddini (8-10) has carried out what is
probably the most realistic and thorough
analysis of the flow structure (fncluding
turbulence) finvolved in the erosive burning
of solid propeilants in efther two-
dimensional slab configurations or in the
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port of a cylindrically-perforated motor,
employing second-order closure turbulence
analysis procedures. With his approach, he
has been able to predict flow development
structures consistent with those measured
by Yamada and Goto (12) in cold-flow
studies simulating blowing-wall rocket
motors ports, structures considerably dif-
ferent from those predicted using more
standard k-e developing turbulent boundary
layer analyses, such as those employed by
Kuo and coworkers (49-52), discussed

later. However, his combustion model is
highly idealized (not representative of
actual flame structures in either composite
or double-base propellant combustion) -
consequently, 1t 1s concluded that his
results are mainly of use for trend
analysis (e.g., scaling of threshold
effects, an important area of interest 1n
1tself) rather than for prediction of the
erosive burning characteristics of specific
p~opellants.

4.2 MODELING EFFORTS OF KUO AND COWORKERS

[ SR

In Reference 49, Kuo and coworkers present
an analyis of ercsive burning of composite
propellants i1n the geometry of their test
apparatus (described earlier), a flat-plate
with a fixed leading edge. In this work,
they perform a parabolic turbulent
boundary-layer analysis using a k-e model
for closure of their turbulent equations.
[In standard fashion, they begin with
general unsteady-state conservation equa-
tions for mass, momentum, fuel, oxidizer,
enthalpy, etc., replace the instantaneous
variables with mean plus fluctuating com-
ponents, and time-average the resulting
equations, leading to a number

of X'Y' crossproducts which must be corre-
Tated for closure of the problem.] In the
near-wall region, they utilize a modified
Van Driest (60) turbulent viscosity formu-
lation, with inclusion of a term based on
the work of Cebeci and Chang (61) to
account for wall roughness, for calculation
of turbulent kinetic energy and dissipa-
tion, In their analysis, they assume that
the heat release at any point in the gas-
phase is controlled by eddy breakup, which
1s proportional to the square root of local
turbulent kinetic energy level and to the
radial gradient of unburned fuel concentra-
tion. Among other simplifications
regarding the combustion processes, they
assume infinite kinetfcs for the oxidizer/
fuel flame, neglect molecular diffusion as
regards mixing, and neglect the gas-phase
ammonium perchlorate monopropellant flame,
considered by most modelers of composite
propellant combustion to be an important '
factor. 1In solving their equations, the

authors employ a standard Patankar-Spalding

numerical approach, marching along the

grain from the leading edge (parabolic

problem),

In Reference 50, the previous model is
extended to treatment of erosive burning in
the port of a cylindrically-perforated
propellant grain; in this study, both the
developing (inviscid core flow) and fully-
developed regions of the flow are con-
sidered. The marching analysis is
initiated at the point where the boundary
layer starts to develop (though it is not
clear how the authors decide where this
is). 1In general, the analysis is quite
similar to that used for the flat-plate
analysis except for addition of treatment
of axial pressure gradients associated with
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flow acceleration down the bore. In
Reference 51, the analysis is further
extended to formulations containing HMX and
aluminum as well as ammonium perchlorate
and binder, with treatment of the species
formed by reaction of ammonium perchlorate
and binder as an "equivalent oxidizer" and
these formed by HMX and aluminum as "equi-
vatent fuel" - this author has considerable
difficulty with this concept.

Comparison of theoretical results predicted
using the flat-plate analysis with experi-
mental results obtained by the Penn State
investigators (26) shows close agreement.
From the results of this study, the authors
conclude that the mechanism of erosive
burning is increased turbulence activity
near the regressing propellant surface with
increased crossflow velocity. Both experi-
mental and theoretical results indicate
that erosive burning is more pronounced at
higher pressure; in addition, erosive
burning rate in a rocket motor is predicted
to decrease with increasing port diameter,
n agreement with observations of many
investigators in scale-up studies and motor
development programs.

This author has major Jisagreements with
the modeling approach described above. It
appears that the modelers are discarding
mechanisms which determine burning rate 1in
the absence of strong crossflow. Now this
author can understand that at very high
turbulence levels associated with high
crossflows, leading to erosive burning
rat1os far greater than unity, this neglect
might be acceptable. However, at lower
levels of crossflow, where the erosive
burning ratio is not far from unity (say,
less than 2), it seems obvious that both
erosive and non-erosive mechanisms must
contribute to the total burning rate 1n
that nature in general does not permit
discontinuous changes from all one
mechanism to al) ancther with small changes
in the parameter affecting their relative
significance., (That is, 1t is very diffi-
cult for this author to see how mechanisms
determining the zero-crossflow rate
disappear as soon as the total rate rises
several or even tens of percent above this
zero-crossflow rate.) Basically, the model
appears to have a major deficiency
resulting from the assumption that the heat
release from an oxidizer/fuel gas flame fis
totally controlled by eddy breakup, with
the result that in the absence of cross-
flow-induced turbulence no contribution to
the propellant ablation is made from O/F
gas flame heat feedback. (As turbulent
kinetic energy goes to zero in this model,
eddy breakup goes to zero and, with neglect
of molecular diffusion mixing processes,
mixing and reaction also go to zero.)

Thus, in the absence of crossflow, this
model requires that all heat necessary for
preheating and vaporizing the propellant
ingredients at the observed zero-crossfiow
rate must be supplied by surface/subsurface
heat release and/or a collapsed ammonium
perchlorate monopropellant flame, a
scenario considered unrealistic by ali
modern modelers known to this author,

{That 1+, the O/F flame in modern ammonium
perchlorate composite propellant models is
calculated to make an important contribu-
tion to the surface heat balance at zero
crossflow under all reasonable pressure
conditions ~ in fact, the dependence of
zero-crossflow burning rate on oxidizer

particle size results from the importance
of the 0/F flame.)

Another area of major difficulty with the
motor port grain model lies in the use of a
one-dimensional inviscid core flow plus
boundary layer approach at and near the
head end of the grain port. As has been
shown experimentally by Yamada and Goto
(12) and by Dunlap, et. al. (13}, and
analytically by Beddini (8-10), among
others (as discussed earlier), the entire
flow near the head end of a perforated
grain port must be highly two-dimensional,
precluding use of such an analysis., Only
at a distance a considerable number of
diameters downstream of the motor head end,
where the ratio of blowing velocity to
crossflow velocity has dropped below a
critical value (as the crossflow velocity
builds up) is such an analysis appli-
cable. In the upstream regions, the highly
two-dimensional nature of the flow results
in near-wall turbulence 1ntensities being
quite small compared to those that would be
predicted by the analysis of Kuo and
coworkers. As a result, as discussed by
Beddini, erosive effects in the upstream
regions of perforated grains should be
considerably less than predicted by this
analyses.

In Reference 51, Kuo and coworkers present
a model of erosive burning of double-base
propellants; analysis of the flow 1s
similar to that for their composite propel-
lant modeling. In this study, the authors
do treat multiple reaction zones, observed
in the combustion of double-base propel-
lants. Again, however, in calculation of
heat release rates in these zones, the
authors assume that these are controlled by
eddy breakup, in this case involving the
mixing of "lumps" of unburned and fully-
burned gases. Accordingly, the heat
release rate again goes to zero as turbu-
tent kinetic energy goes to zero since they
have once more neglected molecular
diffusion mixing processes ~ thus, this
model too is suspect for crossflows not
leading to high erosive burning ratios
since it cannot give the correct zero-
crossflow burning rate limit, in this
author's opinion a minimum requirement for
a realistic erosive burning model as
discussed above.

4.2 MODELING EFFORTS OF KING

4.2.1 FIRST-GENERATION COMPOSITE
PROPELLANT MODEL

The “first-generation” composite propellaqt
erosive burning model by King (27,48,53) is
based on a hypothesis that augmentation of
burning rate by crossflow is caused solely
by the bending of columnar diffusion flames
{involving reaction of ammonium perchlorate
and binder decomposition products) with
resultant movement of this 0/F flame closer
to the surface, causing increased heat
feedback flux; affects of crossflow-induced
turbulence on transport properties is not
considered. Although this model does yield
good predictive capability for erosive
burning rates, it requires physically
unrealistic values of some of the para-
meters grouped in three constants used to
fit zero-crossflow burning rate data (an
integral part of the procedure).

S




Accordingly, this model was eventually
discarded by the author in favor of a more
fundamental "second-generation” model
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required per unit mass of propellant
consumed is independent of burning rate):

(presented i1n the next section) in which ; K (Tap~Ts) Ky (T-T)
both zero-crossflow and erosive burning *o% Gfeadback © T A e
rates are predicted from first principles I Diff “Kin (9)

and in which both flame-bending and turbu-
lence-augmented transport property
mechanisms are included. However, for sake
cf completeness, a brief description of the
“first-generation” model is included here.

A schematic depicting the "first genera-
tion" composite propellant erosive burning
mode! is presented 1n Figure 5. In the

{FUEL LEAN CASE PICTURED
THEREFORE DIFFUSION FLAME CLOSES OVER BINDER}

DISTANCE ASSOCIATED WITH REACTION
TIME SUBSEQUENT TO MIXING, Ly,

AVERAGE LEVEL OF HEAT RELEASE
- _ / ¢ FOR SECONDARY FLAME
4\ AVERAGE LEVEL OF END OF

(The rationale leading to this type of
sumning of flames from the two different
flames is discussed in detail in
Reference 53.)

The situation pictured as prevailing
with a crossflow is shown in the second
part of Figure 5, Since Ly and Ly;, are
both kinetically controlleé and are, thus,
simply proportional to a characteristic
reaction time (which 1s assumed to be
unaffected by the crossflow) multiplied by
the propellant gas velocity normal to the
surface (which for a given formulation is
fixed by burning rate and pressure alone),
these distances are fixed for a given

iy Lot FUEL-OXIDIZER MIXING ZONE formulation at a given burning rate and
- LEVEL OF AP MONOPROPELLANT FLAME pressure, independent of the cross-flow
p velocity, Of course, since crossflow velo-
| AP Ky (TppTgl ko (TyeT, city affects burning rate at a given
BINDER BINDER rage L ALS 28 y 9 g

Y Lpits * bkin
o) NO CROSS-FLOW VELOCITY

6, (CROSS-FLOW VELOCITY, TRANSPIRATION VELOCITY)

YKin
«¢— AVERAGE LEVEL OF HEAT RELEASE
FOR SECONDARY FLAME

AVERAGE LEVEL OF END OF
FUEL-OXIDIZER MIXING ZONE

LEVEL OF AP MONOPROPELLANT FLAME
- TapTg) | by (Ty-Tg)
Y Lptind ¢ Ly

b} CROSSFLOW, Ly Loy Ly =
flm, P} ALONE, INDEPENDENT OF CROSS-FLOW ANGLE

BINDER

BINDER

Figure 5. Sketch of King First-Generation
Model Postulated Erosive Burning
Mechanism

first part of the figure, the flame
processes occuring in the absence of cross-
flow are depicted. There are two flames
considered: an ammonium perchlorate
deflagrat on monopropellant flame close to
the surface; and a columnar diffusion flame
resulting from mixing and combustion of the
ammonium perchlorate deflagratfon products

pressure through its influence on the dif-
fusion process as discussed below, Ly and
Lyjn are influenced through the change 1n
burning rate, but this 1s simply coupled
into a model by expressing Ly and Ly, as
explicit functions of burning rate ana
pressure in that model, The important
point is that they can be expressed as
functions of these two parameters alone for
a given propellanty

However, the distance of the effective
mixing zone height from the propellant
surface 15 directly affected by the cross-
flow. To a first approximation, Lpif
measured along a vector coincident w1th the
resultant and crossflow velocities should
be the same as Lpjee normal to the surface
in the absence o? @ crossflow at the same
burning rate and pressure. A simplified
version of the reasoning leading to this
conclusion 15 presented in Figure 6, which
is essentially self-explanatory. Whils the
time required for a parcel leaving the
surface to trave)l the distance L 16 10
the flow direction © at constant burn rate
is inversely proportional to the sine of
the flow angle, the characteristic mixing
time is also decreased since the average
concentration gradient is increased by the

FLow b} CROSS-FLOW, WITH NET RESULTANT FLOW
3} NO CROSS-FLO } oS

and fuel binder pyrolysis products at an dp %
average distance somewhat further from the T0P VIEW TOP VIEW
surface. Three important distance para- TY)

meters considered are the distance from the

propeliant surface to the "average" ! . dyunt
Tocation of the kinetically controlled P mousnee X ° .
ammonium perchlorate monopropellant heat Surn-d__ ! v :EV’ .
release (Ly), the distance associated with | - Pk

mixing of the oxidizer and fuel for the
drffusion flame (lgsee), and the distance
associated with the Fue]-oxidizer reaction
time subsequent to mixing (Lxin) . (An
alternate way of thinking abou% this last
distance, which it is difficult to show in
the figure 1is to picture two stacked cones
in the figure, separated by the distance
Lyin-) A heat balance between heat feed-
bacQ from these two flames and the energy
requirements for heating the propellant
from its initial temperature to the burning
surface temperature and decomposing it
yields (assuming that the heat feedback

1 z
BINDER] AP IBINDER 8INDER] ar lainoer

CALLCULATIONS IN DIKLCTION OF FLOW
RESULTANT
h ® thyyen/sin ¢
USING GEOMETRIC MEAN DIAMETER AS
CHARACTERISTIC DIAMETER FOR ELLIPSE,

dpdp sing

FROM TALUFLAME THEORY
Lot » k yyen dp2
{thyurn * 12p)
dp. off =
X Myurn
Logre kmdpd ey = o Wedpsinn)
* K thpyen dp?

Figure 6. Procedure For Calculation of Dependency
of Diffusion Diatance on Flow Angle
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circular cross-section (in the absence of
crossflow) being converted to an elliptical
cross-section with major axis d, (oxidizer
particle diameter; and minor BXQS dp
sin 0. Doing an exact calculation"of the
effect on characteristic mixing time is
sgmewhat difficult: howevgr, replacement
of the circle diameter ¢ y the geometric
mean ellipse diameter /AT D in
calculating concentratiof grBdients does
not seem unreasonable. When this is done,
the magnitude of Lgi¢¢, measured in the
flow direction, is caiculated to be {inde-
pendent of flow angle, 6, as shown in
Figure 6. [A somewhat more rigorous (and
immensely more complex) analysis has been
performed, indicating that the above
approximation 1s quite good for

0 > 20 degrees, but that for smaller
angles (columns further pushed over), the
magnitude of L actuvally begins to
decrease relative to the no-crossflow
value.}

At any rate, to a reasonably good approxi-
mation, the magnitude of Lp,¢e 15
independent of the crossflow velocity (at
fixed pressure and burning rate) although
1ts orientation i. not. Thus, the distance
from the surface to the "average" mixed
region 1s decreased to Lpise sin 6. (See
Figure 5,) The heat balance at the propeil-
lant surface now yields:

e CaetT) o Ka(TeTs)
Gteedback LI LDiffSi"e‘LKin
(10)

This picture was used as the basis of
development of the first generation flame
bending model for prediction of burning
rate versus pressure curves at various
crossflow velocities, given only a curve of
burning rate versus pressure in the absence
of crossflow. The general approach
utilized 1n development of this model
follows:

1. The expressions for Ly, Lps¢e, and
Lx:n 8s functions of éurn1ng rate (or
burning mass flux, m }, pressure, and
propellant properties are derived and
substituted into a propellant surface
heat balance.

2, The resulting equation is worked into
the form of Equation 16 (developed in
succeeding paragraphs) for burning in
the absence of crossflow. A regres-
sion analysis using no-crossflow
burning rate data is performed to
obtain best fit values for A3, A4, and
Ag, three constants appearing in this
expression, (d, is the average
ammon ium perch18rate particle size.
For a given propellant, the burning
rate data may be just as effsctively
regressed on A3, , and A d-, elimi-
nating the necessi%y of ac%uﬁlly
defining an effective average particle
sfze.)

3. F;gm thes: results, expresz1ﬁns are
obtained for Ly, L , an as
functions of bérnigaf;ate (orKA? and
pressure,

4. These expressions are combined with an
analysis of the boundary layer flow
(which gives the crossflow velocity as
a function of distance from the pro-
peliant surface, mainstream velocity,

and propeliant burning rate) to permit
calculation of the angle & (Figure 5),
L1r Lpiffs Lkins and n for a given

pressure and crossflow velocity.

In the derivation of burning rate for a
composite propellant in the absence of a
crossflow, an energy balance at the propel-
lant surface was written as {see Figure 5):

I (TeTe) g (Tpp-Ts)
Mpieed * (hyin! t

=M L8, (Te=To) + Qypp=Tpy)

where the A's are thermal conductivities,
T¢ 1s the final flame temperature, Tpp s
the ammonium perchlorate monopropellant
flame temperature, T. is the surface
temperature, T, is tﬁe butk propelliant
temperature, and Qyap and OR are heat sink
and source terms 1n Qhe so]wé propellant.
The first term in this equation represents
heat flux from the final flame to the
surface, the second represents heat flux
from the ammonium perchlorate monopropel-
lant flame, and the third represents the
heat flux requirements for ablation of the
propellant at the mass flux, m. {Several
simplifying assumptions were utilized 1n
writing of the equaticn in this form, as
discussed in detail wn Reference 53.)

(11)

The monopropellant ammonium perchlorate
flame offset distance, Ly, may be expressed
as the product of a characteristic reaction
time, T and the linear veloCity of gases
leaving the propellant surface:

.

Ly =115

(12)

For a second-order gas-phase reaction
(generally assumed)}, t, is inversely pro-
portional to pressura,’and for a given
formulation, the gas density is directly
proportional to pressure, yielding:

Ly = Kym/P? (13)
A similar analysis for Lgjn yields:

‘5l
Lin = Kom/P (14)
For'a columnar diffusion flame, it may
easily be shown that the diffusion cone
height, Lpiffs May be expressed as:

-2
Lpifs = K3mdy (15)

Equations 11 and 13-15 may be combined to
yield:

. A4 1/2
roem/pg = AP [1 + -___._?__?] (16)
1+ Asdp P

Burning rate versus pressure data for a
given propellant in the absence of a cross-
flow may then be analyzed via a fairly
complicated regression analyisis procedure
to yield values of the constants A3, Ay,
and Ag (or A.d.) for that given propel-
lant.” The cBnBtants K1, Kz, and K3 are
related to these constants in turn by:

_ Tap = T5) Ay
A2h3 A

K (17)
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Te = T
- L_ﬁ____él (18)

K
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K3 (19)
A2A3 A4
where:
2
. Ps [cp (Tg = To) + Qupap - QRX] (20)
2

Ap

Data of Mickley and Davis (62) were used to
develop empirical expressions for the local
crossflow velocity as a function of
distance from the propellant surface, main-
stream crossflow velocity, and
transpiration rate (gas velocity normal to
the propellant surface). In this analysis,
it was decided that the transpiration velo-
city should be calculated as the gas
velocity normal to the surface at the final
flame temperature., (Mickley and Davis
correlations are based upon the ratio of
mainstream velocity to transpiration
velocity.)

The analyses described above were used in
derivation of eight equations in eight
unknowns for the burning of a given
composite propellant at a given crossflow
velocity; a computer code was developed to
solve this equation set, yielding a
predicted burning rate for a given pres-
syre, crossflow velocity gnd set of
constants A3, A4, and A.d- obtained from
regression of no-crossflolw data for that
propellant. Details appear in

Reference 53. As mentioned earlier, this
model was used to successfully predict
erosive burning rates for a number of com-
posite propellants over a wide range of
pressures and crossflow velocities;
however, examination of some of the inter-
mediate parameters for calculation of the
various distance parameters indicated
physically unrealistic values.
Accordingly, this model was abandoned in
favor of a more fundamental “"second-genera-
tion" model, described i1n the next section.

4.2.2 SECOND-GENERATION COMPOSITE
PROPELLANT MODEL

King's “second-generation” erosive burning
model for composite propellants (31,32,54)
is built on a zero-crossflow composite
propellant burning model, also developed by
King (63), which is, in turn, loosely based
on the classic Beckstead-Derr=-Price (BDP)
model (64) (though with many major and
minor modifications as described in detail
in Reference 63). Both two-dimensional and
axisymmetric versions of this erosive
burning model were developed; the version
described in the following paragraphs was
developed for the two-dimensional slab
geometry employed in the previously-
described experimental program conducted by
King in the Atlantic Research Corporation
test apparatus. The version for treatment
of cylindrically-perforated grain ports was
developed via straightforward modifications
to the two-dimensional model version, with
the main modifications invoiving a change
in zero-blowing skin friction coefficient
expressions and modification of the
momentum integral equation used in calcula-
tion of local shear stress as a function of

T bl PTG e A x e e o ~ .
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distance from the propellant surface, and
will not be discussed further,

relatively brief description of the two-
dimensional model is presented below; for
further details, the reader is directed to
References 31, 32, 54, and 63,

The basic model centers around an energy
balance, the product of burning mass flux
and energy requirements to raise
ingredients from ambient to surface
temperature (related to burn rate by an
Arrhenius function) and vaporize that frac-
tfon not consumed in subsurface reactions
being equated to the sum of heat release
rate from subsur/ace reactions and heat
feedback rates from two gas flame zones
(Figure 7). Thus, burning rate is con-
trolled by three heat release zones: (1) a
thin subsurface zone; (2) a gas-phase AP
decomposition product monopropellant flame;
and (3) a diffusfon flame between AP pro-
ducts and binder pyrolysis products.

FLAME SHEET HEAT RELEASE
t
FHO0 DISTRIBUTED
HEAT AELEASE
20NE IMEANED
/ QVER PROPELLANT

a) NO CROSS FLOW CASE

FLAME SHEET HEAT RELEASE

W) CROSE FLOW CASE

Figure 7. Schematic of Postulated Composite
Propellant Flame Structure, With and
Without Crossflow

Subsurface heat release is calculated using
an estimated subsurface temperature profile
substituted into a rate expression repre-
senting subsurface heat release data_
measured by Waesche and Wenograd (65).

This expression is integrated from the
surface to a depth wnere the temperature
equals the AP melting point to obtain total
subsurface heat release., This procedure
differs from the BDP approach, in which
subsurface heat release per unit mass of
propeliant is assumed constant, independent
of burning rate.

For the gas phase, a two-flame approach was
chosen (in contrast to the three-flame
approach of BDP), the flames being an AP
monopropellant flame and & columnar diffu-
sfon [Burke-Schumann (66)] flame. Three
distances (FH90 sin 8, La and L, ) are
important in determining ﬁeat feBlback from
these flames (Figure 7). FH90 is a
distance associated with 90-percent mixing
of fuel and oxidizer gases, while Lpy and
Lap are reaction distances (products of gas
vercity normal to the surface and reaction
times) associated with diffusion and mono-
propellant flames, respectively. As
discussed in the previous section,
describing King's "first-generation” model,
crossflow-induced flame bending is postu-
lated to reduce the mixing region height by
the factor sin6, where 8 is determined by
the resultant of local transpiration and
crossflow velocities., AP monopropellant
flame heat release is assumed to occur at
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one plane, while the diffusion flame
releases heat in a distributed fashion
[defined by a Burke-Schumman (66} analysis]
between distances Lpy and lpy * FHIO

sin 6 from the surface,

Details of equation development for the
unimodal oxidizer non-metallized propellant
model appear in References 54 and 63.
Included in this model are three "free"
constants {pre-exponentfals associated with
the subsurface rate expression and two rate
expressions used to calculate gas-phase
reaction times). Optimized values for
these constants were chosen using no-
crossflow burning rate data for four
unimodal oxidizer AP/HTPB (hydroxy-
terminated polybutadiene) formulations and
subsequently used in all other calcu-
lations.

The model was extended to multimodal
oxfidrzer formulations using a variation of
Glick's “"petit ensemble" approach (67).
First, a multimoda) oxidizer formulation 1s
divided into subpropellants, each
constaining oxidizer of one sfize. These
subpropellants are assumed to burn non-
interactively, with the unimodal model
being used to calculate individual mass
fluxes. Oxidizer of one size is allowed to
affect another subpropellant's burning rate
only through possible influence on the
assignment of fuel Lo that subpropellant.
Uneaual oxidizer/fuel ratios for the
subpropellants are permitted via:

XEXPOF
Ve ar = G2 (B 4) (21
where V . is the fuel volume assigned to
a part181870f diameter D ., XEXPOF is an
arbitrary constant, and is fixed by
overall continuity. (XEXPOF » 3 results in
equal oxidizer/fuel ratios for each subpro-
pellant, while XEXPOF < 3 results in
subpropellants with small oxidizer being
more fuel-rich than those with large
oxidizer. XEXPOF = 3 was used in the fol-
lowing calculations.,) In averaging the
individual subpropellant fluxes, Glick
assumes that the average fractional surface
area associated with subpropellant 1 is
equal to its overall volume fraction.
Critical analysis indicates, however, that
if the subpropellants burn at different
rates, slower burning ones will occupy a
disproportionately higher fraction of
surface. Development of this concept for
XEXPOF = 3 leads to:

¥ -1/t (x4/r3) {22)

reptacing Glick's expression:

T o= zxiri (23)
ry - Burning rate of subpropellant i

X4 =  Mass fraction of overall

- propellant in subpropellant i

r » Average burning rate

The original model was also extended to
treat metalized propellanis. The metal
(aluminum} is allowed to alter burning rate
through heat sink effects and by conductive
and radfative feedback from burning metal
particles. Phenomena treated included
agglomeration, particle velocity lags,
ignition delay, particle combustion, con-
ductive feedback from multiple heat release
zones, and radiative feedback., For multi-
modal oxidizer formulations, distribution
of metal among subpropellants {s treated
identically to that of binder.

Surface agglomeration of aluminum is calcu-
lated using equations developed by
Beckstead (68). Particle ignition delays
are calculated as times to heat particles
from surface temperature to an assigned
ignition temperature (2100°K), while
particle burning rates are calcultated using
an expression by Belyaev (69). The trans-
piration gas velocity profile is calculated
assuming a linear temperature profile from
the surface to the end of the diffusion
flame. A force balance on a particle fis
then integrated from the surface, utilizing
a fitted drag coefficient equation assumed
[based on Marshall's study (70)] to
increase by a factor of 2.5 after ignition,
to yield a particle time-distance

history. Coupling of this analysis with
ignition time and burning rate expressions
permits calculation of metal combustion
heat release distribution for each metal
particle size (agglomerated and unagglo-
merated) and, finally, calculation (by
superposition procedures) of the rate of
conductive feedback. Radiative feedback
was approximated using a cloud emissivity
based on fractional area subtended by
particles within an assfigned distance from
the surface. (For the one metalized formu-
lation tested, radiative transfer had
negligible effect on predicted burning
rate,) Further details of the treatment of
th- effects of aluminum on composite pro-
p.iiant combustion are given in

Reference 32.

Two postulated erosive burning mechanisms
were utilized, The first, enhancement of
transport properties by crossflow-induced
turbulence, decreases oxidizer/fuel gas
mixing distance and increases effective
thermal conductivity between the heat
release zones and the surface. In addi-
tion, as discussed earlier, columnar
diffusion flame bending is postulated to
decrease the mixing distance component
normal to the surface through distortion of
the mixing cone.

Calculation of crossflow effects on burning
rate via these mechanisms requires a fluid
flow analysis for determination of velocity
and turbulence profiles. A summary of the
procedures follows; details appear in
Reference 54,

First, estimates of burning rate and flame

height are made, A non-blowing skin

friction coefficient is calculated from

empirical flat-plate equations as a

function of crossflow Reynolds' Number and

roughness height., It should be noted in

passing that there are typographical errors ;
in the equations presented in Reference

54, Equatfon 29 in that reference should

read:

~0.32

C¢o = 0.00140 + 0,125 Re (24)

and Equation 30 in that reference should
read:

Ceo = 0.95 [4 log,p (R/K) + 3.481°%  (25)

A blowing parameter, b:
b = 2mg/(pUCs,) (26)

1] -
Cfo =

Mainstream crossflow velocity
Non-blowing skin friction
coefficient

s R T a
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is then calculated for determination .. the
actual skin friction coefficient, C¢, Due
to a lack of data, particularly at high
blowing numbers of interest, several
optional expressions relating C¢/Cgy to b
were initfally considered. An expression,
based on the work of Kutataladze and
Leont'ev (14), which agreed well with
limited data and gave reasonable results on
extrapotlation was finally selected:

CelCey = (1= b/10)2/(1 + b/10)0+" (27)

As may be noted, this expression yields
negative skin fraction values for b > 10:
this 1s interpreted as indicating boundary
layer separation, For such cases, it is
assumed that the velocity profile assumes
the cosine shape measured by Yamada and
Goto (12).

With C¢, wall shear stress is calculated
straightforwardly and substituted into an
expression (based on momentum integral
analysis) for local shear stress:

T Tean * mpu - Ky (28)
y - Distance from propellant surface

u - Local crossflow veloctty

X - Constant, function of mainstream

crossflow velocity, burning rate,
and channel dimensions

An eddy viscosity approach is used to
relate t to the local crossflow velocity
gradient:

T = (p + pe) du/dy (29)

With specification of an expression
relating ¢ to y and du/dy, (discussed
later) assumption of a linear temperature
profile, and use of expressions relating
density and viscosity to temperature,
Equations 28 and 29 are then combined and
numerically integrated from v = 0 at y = 0
(surface) to yield u(y), oly), n(y),
and €{y). (Streamline shapes are also
calculated, permitting calculation of the
flame bending angle, 8.) The eddy
viscostity distributica is then used,
assuming Reynolds' analogy, to calculate
total effective conductivity and
diffusivity distributions. Total transport
property values averaged over appropriate
zones are then calculated and used in
mixing and heat feedback equations to
calculate revised burn rates and flame
distances, This procedure is repeated to
convergence, (It should be noted that the
averaging procedure has been modified from
that used for calculations presented 1n
Reference 54 to better allow for the fact
that the effect of gas-phase heat release
on burning rate decreases exponentially
with distance from the surface. In addi-
tion, effects of flame curvature on the
flame bending influence have been added.)

Several eddy viscosity models for closure
of the boundary layer analysis were
included: A1l entai) use of a Prandtl
mixing-length expression:

€= 168 (y + y? (0F)2 du/dy (30)

where DF is a damping factor (function of
such parameters as blowing ratio, axial
pressure gradient, and roughness height)
while y, is an offset factor dependent on
roughneSs., The most comprehensive form of
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expression for DF employed was one based on
a modified form of an empirical relation
developed by Kays and Moffat (71) which
includes the effects of blowing and axial
pressure gradient but does not include the
effects of wall (surface) roughness. The
modifications added by King were an attempt
to include the effects of roughness using
approaches suggested by the works of Van
Oriest (60) and Cebeci and Chang (61).

As may be seen from Table Il (presented in
the Experimental Studies section), there
were ten uncatalyzed HTPB binder composite
propeltlant formulations studied 1n the
Atlantic Research Corporation test
apparatus, permitting extensive checkout of
the model described above. (Predictions
were not made for the catalyzed formulation
since the model does not include the capa-
bility of treating catalysts; however, the
data are included in the following discus-
sion of the effects of various parameters
on sensitivity of formulations to cross-
flow.) The polyester formulations were
also not checked against the model since
the limited data base for these formula-
tions s 1nadequate for evaluation of the
three "free" constants in the model, which
would almost certainly be different for
different binder systems. (Recall, the
values of the constants for the HTPB-AP
formulations were chosen using zero-
crossflow data for Formulations 4525, 5051,
4685, and 5542,the four unimodal oxidizer
formulations),

Erosive burning test results are presented
n Figures 8 - 18, 1n the form of burning
rate versus pressure at various crossflow
velocities, In addition, theoretical
predictions are presented for all but the
catalyzed formulation (4869) in these
figures, As may be seen, the agreement
between data and predictions for the no-
crossflow conditions 1s excellent for all
formulations except 7996, where the theore-
tically predicted bu-ning rates are 10 to
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Figure 8. Burning Rate Predictions (Solid Lines)
and Data (Points) For Formulation 4525
(73/27 AP/HTPB, 20 Micron AP)
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Figure 9. Burning Rate Predictions (Solad Linces)
and Data (Points) For Forrulation 5051
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Fioure 10, Burning Rate Predictions (Solid Lines),
and Data (Points) For Fomulation 4685
(73/27 tP/4TPB, 5 Micron AP)

20 percent high., In addition, the cross-
flow effect predictions agree reasonably
well with the data in geineral., With the
baseline formulation (4525), the theory
slightly underpredicts the effect of cross-
fiow ¢n burning rate, while with 5051,
4685, «nd 5542 (the other three non-
catalyzud unimodal oxidizer formulations),
agreemen! between theory and data is
excellent, The model predicts that the
high burning rate formulation (5555) should
be quite insensitive to crossflow velocity,
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Figure 11. Burning Rate Predictions {Solid Lines)
and Data (Points) For Formulation 5542
{77/23 AP/HTPB, 20 Micron AD)
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Figure 12. Burning Rate Predictions (Sol1d Lines)
and Data (Pointg) For Formulation 5565
(82/18 AP/NTPB, 13.65% 90 Micron AP,
AR, 3EL 200 Misran AP)

in excellent agreement with experiment.
Formulation 5565, on the other hand,
appears to be slightly less sensitive to
crossflow than predicted, particularly at
the lower pressures (1-3 MPa). Agreement
between theory and data for the remaining
three multimodal oxidizer, non-metalized
formuirtions is good, except that the zero-
cros, tow nffset between theory and data
for %6 appears to be maintained for the
cry ,tiow cases, Finally, the rather
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Figure 13, Burning Rate Predictions (Solid Lines)
and Data (Points) For Formulation 5555
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figure 14, Burning Rate Predictions (Solad Lines)
and Natn (Peints) For Formulation 7993
(RD/1R AR/HTPR, 144 ~ Migpan AD, 412
90 Micron AP)

Timited data for the metalized formulation
(6626) appear to be in general agreement
with predictions,

Results for the various formulations may be
compared to identify parameters dominating
the sensitivity of burning rate to cross-
flow. Formulations 4525, 5051, and 4685
were identical except for oxidizer particle
size (and, as a consequence) base (no-
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Figure 15, Burning Rate Predictions (Solid Lines)
and Data (Points) For Formulation 7996
(82/18 AP/HIPB, 41% 20 Micron AP, 413
200 Micron AP)
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Figure 16, Burning Rate Predictions (Solid Lines)
and Data (Points) For Formulation 8019
(82/18 AP/HTPB, 27.3% 1 Micron AP,
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crossflow) burning rate. Exam:ination ot
Figures 8-10 reveals that the crossflow
sensitivity increases with increasing
particle size (decreasing base burning
rate}, For example at 200 m/sec and 5 MPa,
the augmentation ratios for 4685, 4525, and
5051 are about 1.19, 1.60, and 2.00,
respectively,

i
3
b
i

Comparison of data for 4525 and 4869,
differing only in use of catalyst in the
Jatter (with consequent higher base burn
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Figure 17, Burning Rate Predictions (Solid Lines)
and Data (Points) For Formulation 6626
(74/21/5 AP/HTPB/A1, 70% 90 Micron AP,
4% 200 Micron AP)

5.00
BEST FIT CURVES <
250
610 M/SEC 0 G‘E/ 35
200 =5 >
Q 260 M/SEC
4 150 E— g,
L
g 0 MISEC & ?
W 1.00 4 i
a CROSSFLOW
o f VELOCITY
2 M/SEC
z 0
< 050 Q
a O 18020
O 260£20
O 335t40
0.25 % ;‘1”:“
0t70
0.20 0 7s0t70
0.15 1
05 1.0 29 40 60 80100

PRESSURE (MPA)

Figure 18, Burning Rate Data (No Predictions) For
Formulation 4869 (72/26/2 AP/HTPY/
Iron Oxide, 20 Micron AP)

rate) again shows an fncrease in crossflow
sensitivity with decreasing base rate. At
5 MPa and 200 m/sec, their respective burn
rate augmentation ratios are 1.60 and 1.10,
while at 600 m/sec, the rir, vaiues are 2.3
and 1.7. Thus, base burn rate is seen to
affect erosion sensitivity even at constant
oxidizer size.

Formulations 4685 and 4869 have approxi-
mately the same base burning rate at 8 MPa,
although their oxidizer sizes are
different. bata comparison indicates that
these formulations have nearly the same

sensitivity to low crossflow velocities at
8 MPa, with the catalyzed propellant being
only slightly more sensitive at higher
velocities, Thus, it appears that it is
the base burning rate rather than the
oxidizer particle size which dominates the
sensitivity of this series of four 73/27
AP/HTPB formulations to crossflow, though
ox1dizer size itself does appear to have a
slight additional effect, crossflow sensi-
tivity decreasing with decreasing size at
constant base rate,

Formulation 5542 differs from 4525 in
oxidizer/fuel ratio and consequently flgme
temperature, Since oxidizer particle size
was held constant, the higher 0/F ratio
results 1n higher base rate for 5542. The
data (Figure 8 and 11) indicate that the
crossflow sensitivity of 5542 is
considerably lower over the entire range of
conditions studied, Comparison of results
for 5565 and 4525, which differ 1n O/F
ratio, but have the same base burning
behavior (due to compensating AP particle
size differences), indicates that the
sensitivity of these two formulations to
crossflow is nearly identical.
Accordingly, it may be concluded that 0/F
rat1o (and consequently flame temperature)
changes do not directly effect the erosion
sensitivity of these formulations, but only
affect it through their effect on base
burning rate.

Formulation 6626 (metalized) has nearly the
same base burning characteristics as 4525
and 5565 and approximately the same flame
temperature as 5565, The data of Figures
8, 12, and 17 reveal that all three formu-
lations have quite similar erosive burning
characteristics. For example, at 760 m/sec
and 2.8 MPa, the augmentation ratios for
4525, 5565, and 6626 are 2.1, 2.25, and
2.1, while at 260 m/sec and 4.0 MPa, they
are 1.65, 1.55, and 1.60. These results
support a conclusion that the dominant
factor affecting crossflow sensitivity of
composite propellants is base burning rate,
largely independent of the factors deter-
mining that base rate.

Formulations 5555, 5565, 7993, 7996, and
8019 are 1dentical in composition (82/18
AP/HTPB) differing only 1n oxidizer
particle size blends, which were adjusted
to give a range of base (zero-crossfiow)
burning rate versus pressure charac-
teristics. In Figure 19, data extracted
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from Figures 12 - 16 are plotted in the
form of burning rate augmentation factor
(r/ro) versus base burning rate for three
combinations of pressure anc crossflow
velocity. As may be seen, the augmentation
factor decreases monotonically and fairly
smoothly with increasing base burning rate,
again indicating the importance of that
parameter on crossflow sensitivity.

A summary of the above comparisons,
delineating the effects of various para-
meters on crossflow sensitivity of burning
rate was presented earlier as Table III,
As may be seen from Figures 8 - 18, the
"second generation” composite propellant
model by King predicts these observed
tendencies quite well,

4.2.3 DOUBLE-BASE PROPELLANT MODEL

In the modeling of erosive burning of
double-base propellants by King (55,56),
effects of crossflow on a multiple heat-
release zone combustion wave, as described
by Rice and Ginell (72), were examined.

The proposed flame structure (Figure 20)
consists of three separate reaction

zones, Heat feedback raises the propellant
from 1ts bulk temperature to a temperature,
near the surface, at which reaction to
preliminary intermediates (gas and/or
spray) takes place. These fragments are
further heated by the thermal wave until a
second set of reactions occurs in a fizz
reaction zone. Finally, there 1s a long
induction zone (dark zone) terminated by a
final thin luminous flame zone (reasonably
approximated as a flame sheet). Without
crossflow, the extreme length of the dark
zone and the low molecular conductivity
result 1n negligible heat feedback from the
final flame, decoupling it from the burn-
rate-controlling fizz zone and surface
reaction zone processes. However, with
crossflow, induced turbulence can increase
the average effective thermal conductivity
across the dar' zone by one to two orders
of magnitude, resulting in appreciable heat
flux back to the fizz zone and raising its
temperature markedly. This, in turn, acce-
lerates reactions in this zone, causing
increased heat feedback to the surface.

Crossflow may also accelerate double-base
propellant burning rate by penetration of
crossflow-induced turbulence into the fizz
zone, fincreasing heat feedback from the
fizz reaction zone to the surface.

SUBSURFACE REACTIVE 20NE, FIZZ REACTION ZONE, FINAL FLAMC ZONE,
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Figure 20. Postulated Double-Base Propellant Flame
Structure
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However, due to the ges/liquid froth struc-
ture of this zone, 1t is not clear how
effectively such turbulence will penetrate
through it. Accordingly, two limiting-case
analyses were developed: (1) no turbuleace
penetration into the fizz zone, with the
outer edge of this zone being considered to
be an effective surface; and (2) treatment
of the fizz zone as a gas, with boundary
layer analysis beginning at the actual
propellant surface. (As will be discussed
later, only the second model variant gave
predictions in good agreement with data.)

First, a model was developed for prediction
of burning rate as a function of pressure
and heat of explosion 1n the absence of
crossflow. As indicated earlier, under no-
crossfliow conditions, the final flame 1s
decoupled and the temperature gradient at
the inner edge of the dark zone 1s zero,
The fizz reaction zone 15 assumed to be
infinitesimally than, its distance from the
surface being the product of gas outflow
velocity and a characteristic reaction
time. Following Beckstead (73), mass flux
and surface temperature are related by:

& « 5000 exp (-IOOOO/RTS) gm/cmzsec (31)

Solution of the Fourier equation (with no
source term) between x=0 and x=Lg,, appli-
cation of an energy balance at x-Efz. with
the fact that the temperature gradient at
the inner side of the dark zone 1s zero,
and application of an overall energy
balance (with no feedback from the final
flame) yrelds:

¢ 0
S L

To = Tgp = [(Tg,7T) t';TZ (Tg-To) - f;‘;z]

(1 - e"Mpb ¢2/h) (32)

where T is the dark zone temperature, Qg
is the net surface/subsurface heat release,
and T, 1s the bulk propellant temperature.

Data of Aoki and Kubota (74) relating Tﬂz
to pressure (P) and heat of explosion (Rgy)
may be expressed as:

Tgp = a(P) + b H, (33)

where b = 0,425°Kgm/cal and a -~ 720 +
1251n(P)} for P < 20 atm and a = 855 +
801n(P) for P > 20 atm. An empirical
expression for Qr based on a modification
of Beckstead's expresston to better allow
for observed burning rate trends at low
pressure was also utitized (P in atm}):

0y (cal/gm) = (65.7 + 0.013 H ) (P/6)0-08
(34)

Finally, L¢, was calculated as the product

of average gas velocity across the fizz

zone and a characteristic reaction time:

) mRKfzrx(sz+Ts) exp (Efz/Rsz)

v
2P7 (MW) sz

L

2 (35)

From Aoki and Kubota (74) and Beckstead
(73), E¢, was set equal to 40000, and the
reaction order, v, was chosen to be
unity. The reaction rate constant Kg,p,
was determined by fitting one data po%nt

—1
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from an extensive burning rate versus pres-
sure and heat of explosion data base
generated by Miller (75).

Substitution of Equations 33 and 34 into
Equations 32 and 35 results in three equa-
tions (31, 32, and 35) in three unknowns
(m, Lf , and T_) , which are simply solved
to givé burning rate as a function of pres-
sure and heat of explosion in the absence
of crossflow.

The mechanism by which crossflow is assumed
to alter burning rate 1s by augmentation ot
the thermal conductivity from the surface
of the propelltant all the way through the
final flame zone., The procedure used for
calculation of the variation of this para-
meter with distance from the surface was
the same as that described earlier for the
"second generation” composite propellant
erosive burning model of King. Details of
the equation development and solution pro-
cedures for both scenarios mentioned
earlier as regards alteration of the fizz
zone transport properties by turbulence are
presented in References 55 and 56.

Miller (75) has generated a systematic
database for burning rates of
Nitrocellulose (12.6 N)/Nitroglycerine/
Secondary Plasticizer formulations as a
function of pressure and heat of

explosion. One of his data points

(P = 35 atm, H,, = 950 cal/gm) was used to
calculate K¢y, the rate constant
appearing in Equation 35, after which the
no-crossflow mode) was used to predict mass
burning fluxes at other pressures and Hg,
values in his database. Predicted and
measured values are presented i1n Figure 21;
as may be seen, excellent agreement is
observed between the data and predictions,
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Figure 21. Comparison of Predicted Burning Rates
Using a Flanmeshoet Model with Data of
¥iller (75)

In Figure 22, predictions made with the
zero-crossflow version of this mode) are
compared with data obtained by Aoki and
Kubota (74) for two formulations with much
higher NC/NG ratios than those tested by
Miller. Agreement between data and predic-
tions is again excellent, at Ieait down to
burning mass fiuxes of 0.3 gm/cmsec, at
which point predicted rates begin to exceed
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Figure 22, Conparison of Predicted Burning Rates
Usiny a Flamesheet Model With Data of
Aox1 and Kubota (74)

measured ones, probably due to the fact
that condensed-phase reactions (Tess well
understood) begin to dominate at these low
mass fluxes and pressures,

The two erosive burning model variants
(with and without turbulence penetration
into the fizz zone) have been tested
agaiwnst data obtained for two NG/NC propel-
lants studied by Burick and Osborn (76).
These formulat ons, designated as BUU and
BCI, have heats of explosion of approxi-
mately 1050 and 920 cal/gm, respectively,
Predicted and observed burning mass fluxes
are presented 1n Figures 23 - 26. As may
be seen from Figure 23, the no-cressflow
predictions of burning rate versus pressure
for BUU are excellent. In addition, the
erosive burning predictions made assuming
full turbulence penetration through the
fizz zone are quite good, while the rigid
structure fizz zone model results 1n
drastic underprediction of crossflow
effects., Thrs 1s more clearly shown 1n
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Figr-e 23, Predicted and Observed Burning Mass
Fluxes For BUU Propellant
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Figure 24, Predicted and Observed Effects of
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RUU Propellant

Figure 24, where the burning mass flux
(predicted and observed) is plotted against
crossflow velocity at constant pressure.
Effects of crossflow predicted assuming
turbulent boundary layer development
starting at the interface of the unburned
propellant and the fizz zone agree quite
well with data, while the alternate model
farls badly. Swmilar results for the B8DI
formulation appear in Figures 25 and 26,
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In conclusion, a flame-sheet model of homo-
geneous double-base propeltant combustion
for prediction of burning rate as a
function of pressure and heat of explosion
1n the absence of crossflow has been
developed and found to yield excellent
agreement between predicted and measured
values., Two extensions of this model to
treat crossflow have been developed, one
allowing for turbulence effects 1n both the
f1zz and dark zones, the other allowing
such effects only in the dark zone. The
former model variant yields predictions in
excellent agreement with measured data over
a wide range of crossflow velocities.

5.0 CORRELATIONS BASED ON PREPICTED
RESULTS FROM COMPLEX MODELS

The comparatively long computer run times
associated with exercise of the more
comple models described above generally
preclude their direct incorporation n
solid rocket motor 1nterior ballistics
analyses, where they would have to be
called on thousands of times to calculate
burning rates at each spatial node at each
time increment utilized in such analyses.
Accordingly, both Kuo, et. 2l (77) and King
(78) have used their mocdels to develop
correlation procedures for much simpler
calculations of burning rate as a function
of numerous parameters. (King's procedure
has been incorporated in a code for
analysis of nozzleless rocket motors, as
indicated in Reference 78.) These
correl.tions are described briefly below.

The correlating expression developed by
Kuo, et, al., for erosive burning of
composite propellants may be expressed as
(using slightly different nomenclature):

.
b
o (T efe fegfo) exp [(0)-07)
b
(1

01 Tpr,r)d (35)

where:

1.0 + 0.50 tanh [0.063 (Mp}0-59
Rp-1]

- 1.0 1f bracketed term 15 less
than 0 (36)

f -
Rh

1.0 - 0.019 3P/ aX (37) )

1.0 + 0.1 exp (-2.8D) (38)

0.40 [(M-Hy,) p10-64
fHP - for ¥ » ch
ap"

= (0.0 for M = Mip) (39)

(In this correlation, the four f's of
Equations 36-39 represent corrections for
roughness height, pressure gradient, port
diameter, and a combination of crossflow
Mach Number and pressure, respectively.)
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Y - Burning rate at roughness
height, conditioning
temperature, pressure, crossflow
Mach Number, axial pressure
gradient, and port diameter of

interest

rg - lero-crossflow burning rate at
standard (baseline) conditioning
temperature

[ - Burning-rate temperature

P sensitivity under crossfiow
conditions

e =  Strand burning-rate temperature

P sensitivity

Tp‘ - Propellant conditioning

temperature

79 - Standard (baseline) propellant
conditioning temperature

M - Crocssflow Mach Number

Min = Threshold crossflow Mach Number

p - Pressure

Ry - Roughness height

aP/ax = Pressure gradient along grain
port

] - Port diameter

ap” - Base (zero-crossflow) burning

rate at the given pressure

In the development of correlations by King
(78) (using predictions of erosive burning
made with his "second generation" model)
effects of scaling (port diameter) were
first examined. For any given propellant,
pressure, and crossflow combination, 1t was
found that the predicted burning rate
ratio, r/r, (burning rate with crossflow
divided by zero-crossflow rate) could be
retated to port diameter by:

riv .}y = r/ir ] -
0’0 0 Dreference
8 1n {0/D

reference) (40)

with B correlating as a function of the
reference r/r, value and an effective flame
temperature. [For non-metalized
propellants, this is the actual flame
temperature, while for metalized
propellants T = T* + 10 (weight
percent metalfff?stgg?ng the flame
temperature in the absence of burning of
the metal.] 1In this correlation, the
reference diameter was arbitrarily selected
as U, 1 tt; for this choice, the correlating
procedure led to:

- i 7100
B GJ—T;}fective (41)
where:

G - -0.85 + 0.85 (r/ro)]D - 0.1 ft

for r/r0 s 1.2

- -0.0332 + 0.1698 (r/r )]y . 0.y £t
for r/r = > 1.2 (42)

with Equation 40 becoming (D in feet):
r/ro]D - r/ro]D . 0.1 §t - 8 1n (10D)
(43)

Attention was next turned tn development of
a correlation for r/r, at the 0.1 ft port
dirameter reference condition as a function
of pressure, crossflow velocity, and
propellant parameters. A targe number of
calcutations were performed with the full
model, covering a wide range of pressures,
crossflow velocities and propellant

types. Fortunately, it was found that for
any given pressure and crossflow velocity,
ergsive burning ratio could be correlated
almost perfectly with just two propellant
parameters, base (zero-crossfiow) burning
rate and effective flame temperature (with
the effect of the second parameter being
much less than that of tne first), Careful
study revealed that r/r, could be fit quite
well by:

A

P 2
riroly Lo it M

(44)

where A, 1s a function of crossflow
velocity and effective flame temperature
and Ay 1s a function of these two
parameters and velocity. Closed-form
correlations of Ay and A, as functions of P
(in atmospheres) and V (Tn feet/second)
were developed for several flame
temperatures, where the constants in these
expressions, kl - k6 are functions of flame
temperature (as tabulated 1n Table V).

k

[ke + ke1nV]
ettt s

Ay = kg {45)
_kz

Ay = 1 - k¥ (46)

(It should be noted that these expressions
were inadvertantly reversed and the
bracketed term was 1ncorrectiy not written
as a superscript to P in Reference 78; the
corrections were later noted 1n an Erratum
in JSR, 22, pp 394-5, 1985,)

Tatle V. Values of k-k, (Bans 45 & 46) At
Various Temperatures

TerSK) k, k;
1667 863 0929
2017 1093 0577
2534 207 0279
2974 0805 0.139

Ters(K) V.range ky k, ks ke

1667 >2000 000255 0.457 0913 00217
<2000 0.258 ~0.151 -00894 +0.1103
2017 > 1500 0.100 0.040  0.0124 0.0873
<1500 0363 ~0.136 -0267 0.1255
2534 All 0.0973 0.100 ~0091 0.089
2974 >700 0.0131 0378 01345 00287
<700 1,122 =030 -0.622 0.176

O e e
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With Equations 41-46, the following
procedure 1s used to calculate burning rate
ratio (and thus total burning rate) for
specified pressure, crossflow velocity,
channel {port) drameter, and propellant.
First, logarithmic interpolation of a base
{zero-crossflow) burning rate versus
pressure table is used to obtain the base
burning rate, ro. _Next, A; and A, are
evaluated for tabular values of flame
temperature bracketing the actual value
using Equations 45 and 46, and the r/r
values for a port diameter of 0.1 ft are
calculated for these bracketing values
using Equation 44, Linear 1interpolation 1s
finally used to obtain the reference
dirameter r/r, value at the actual
temperature and Equations 41-43 are then
used to correct to the actual port
diameter, If this procedure leads to a
calculated r/r, value of less than unity,
it is assumed ghat this represents being 1in
a2 boundary-layer blowoff regime, and the
r/r, value is defaulted to unity.

6.0 SCALING

The detailed models of King and Kuo, et.
al. (and the correlations based on them)
discussed earlier i1nclude capability for
prediction of effects of motor scale on
erosive burning. Both of the correlation
procedures discussed 1n the previous
section can readily be shown to predict a
decrease in erosive effects with increasing
port diameter. In addition, the "second-
generation" model of King and the corre-
Tation procedure based on it show an
1ncrease 1n threshold velocity (minimum
crossflow velocity below which erosive
burning effects are not predicted) with
increased port dirameter as demonstrated 1n
calculation results presented in

Reference 32. Both of these predicted
trends are in at least qualitative agree-
ment with observations from motor scaleup
studies,

In Reference 10, Beddini presents an
approximate analysis for scaling erosive
burning threshold conditions as a function
of the base (zero-crossflow) burning rate
and motor size. One goal of this analysis
which was met was prediction of the
observed fact that the threshold value of
crossflow mass flux increases with
increased propellant burning rate and
increased motor size (port diameter)., In
this study, 1t was concluded that the
threshoid conditions for erosive burning
are related to a critical value of the
blowing parameter, b (defined by

Equation 26); for values of this parameter
above the critical value, the mainstream
turbulence does not penetrate (subside)
into the near-surface flame regions. (As
noted earlier, King refers to this condi-
tion of b > bepj jcal @S representing boun-
dary layer b)owo%f and also conclydes that
erosive burning effects are negligible in
this case; thus the King "second
generation" model yields scaling predic-
tions consistent with those of Beddini.)
Details of Beddini's application of this
criterion to determination of threshold
crossflow velocity for erosive burning are
presented 1n Reference 10. His final
scaling relatfonship indicates that the
value of the crossfiow Reynolds' Number at
the threshold point scales mainly with the
surface-transpiration Reynolds' Number to
the 1.25 power; this in turn corresponds to
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the critial crossflow mass flux being
approximately proportional to port diameter
to the 0.25 power and to burning rate to
the 1.25 power. Accordingly, this rela-
tionship predicts the absence of erosive
burning for very targe motors (such as
space booster solid motors) as observed.
(As pointed out by Beddini, none of the
large (120-, 156-, 260-inch motors) fired
up to the time of his pubiircation had
exhibited any erosive burning, consistent
with his predictions.) In addition, the
relatronship developed by Beddini indicates
strongly increasing values of threshold
crossflow mass flux with i1ncreased zero-
crossflow propellant burning rate, as
predicted and observed in the studies by
King discussed in Section 4 2.2.

Recently, Strand and Cohen (22) have been
conducting a series of tests with long
segmented motors to measure the transition
tength threshold conditions (axtal location
at which deviation from non-erosive burning
begins) while systematically varying para-
meters considered to influence the erosive
burning phenomenon. From these experi-
mental studies, they have concluded that
the threshold conditions can be correlated
in terms of critical crossflow Reynolds'
Number, surface transpiration Reynolds'
Number and motor local length~to-radius (or
diameter) ratio by a linear expression:

Rec = K (L/R) ReS (47)

where Rec is the ¢ratical crossfliow
Reynoids” Number.

p, U ..+ R
Rec . g Cult EOY’t (48)
g

'
and Res 1s a reduced surface transpiration

{burning rate) Reynolds' Number:

' ¢ p. R
Re . = S ort (49)
S ug "

{with r being the propellant burning

rate)., This differs from the Beddini cor-
relation as regards the exponent on the
transpiration Reynolds' Number (1.0 versus
1,25) and, more importantly, wnclusion of
the length/radius ratio term. As a result,
1n this correlation, the critical crossflow
mass flux for onset of erosive burning 1s
directly proportional to propellant burning
rate and to the local length to diameter
ratio - thus the L/R ratio rather than the
port radius itself is the critical geome-
trical scaling parameter and large motor
diameter alone will not serve to avoid the
erosive burning regime. The authors claim
that this conclusion 15 corroborated by the
fact that erosive burning does indeed occur
in the early phases of operation of the
very Targe spece shutrie SRM,

Accordingly, it appears that at this time
there is some controversy as regards motor
scale effects on threshold crossflow mass
flux required for onset of erosive burning,
with Beddiny claming that port diameter is
the c¢ritical scaling parameter, while
Strand and Cohen c¢laim that length-to-
dirameter ratio is the critical scaling
parameter; the first scenario leads to the
conclusion that large diameter wotors are
not susceptible to erosive burning, while
the latter scenario contradicts this

.
H
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conclusion. Further study to resolve this
conflict 1s of considerablie importance as
regards scaling of erosive burning data
from small (retatively inexpensive) motor
tests to large motors,
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EFFECTS OF WIRES ON SOLID PROPELLANT BALLISTICS ;

Merrill

K. King

4634 Tara Drive
Fatrfax, Virginta 22032
Usa

SUMMARY

Metallic wires have been employed in
numerous end-burning solid propellant rocket
motors over the last thirty years to provide
desired burning rate amplifications needed
for certain applications. These wires
provide guch amplification by serving as a
thermal “"short-circuit” between the hot
final products of the propellant combustion
and the unburned solid materfal, with
resultant development of cones penetrating
into the prnpellant adjacent to the wires
(creating an increase in burning surface
area) which lead the propellant regression.
A brief review of models developed by others
and of a systematic data base as regards
burning of wired strands is presented. The
major emphasis ¢ this lecture, however, {is
modeling activit, carried out by the author
during the last two years. First, a model
of the processes by which wires amplify the
burning of strands (at fixed pressure) was
developed and applied to analysis of the
systematic data base referred to above, with
excellent agreement being found between
predicted and measured effects of wire type,
wire dfameter, and pressure on quasi-steady-
state burning rates. This model is also
capable of treating unsteady-state phenomena
and the effects of local (sporadic) gaps
between wire and propellant, caused by
partial wire unbonds from the surrounding
propellant (possibly resulting from extrenme
temperature cycling). Accordingly, the
strand model was subsequently coupled wih a
chamber ballistic analysis and a geometrical
analysls as regards cone shape evolution to
permit prediction of pressure-time histories
in wired motors with various dstributions
along the wire of gaps between the wire and
the propellant.,

LIST OF SYMBOLS

total propellant surface

area (cone plus flat)

At throat area

CD propellant product dis-
charge coefficlent

wire specific heat

propellant product

specific heat

wire diameter

heat transfer coefficient

between wire and propel-

lant

k thermal coanductivity of

propellant

product molecular weight

magss generation rate of

propellant products

mass flow rate out of

motor

P motor pressure [f(t)]

R universal gas law constant

q heat flux into wire from

gas or propellant [£(t,z)]
r radius (Fig. 1)

As,Total

cp,wire
p,prod

Dwire
contact

wire radius

wire

r% burning rate

r§98 burning rate at 298K

r' { matrix (unwired

matrix propellant) burning rate

t;ire burning rate of propellant
along wire

t time

T temperature

T product gas temperature

ngio propellant autoignition
temperature

Tprop local temperature in

Tprop,interface

propellant [f(t,z,r)]
propellant temperature at
wire Interface [f(t,z)]

Twire wire temperature [f(t,z)]

Tbulk propellant bulk (con-

~ ditioning) temperature

T temperature relative to
propellant conditioning
temperature (T-Tbulk)

~

T

prop,interface
wire

-<

surface

“prop

o ™

At)

Ygas
Paas
Pprop
wire

1. BACKGROUND

T - T
vBI3R1 9cgff%%3ductb§%§es

immediately adjacent to
wire

average axial velocity of
gases in cone

free volume of motor
chamber [f(t)]

velocity of gases leaving
propellant surface (normal
to surface)

axial direction (Fig. 1)
propellant thermal dif~
fusivity

constant in Eqn. 10
penetration thickness of
thermal wave associated
with heat transfer from
wire [£f(t,z)]}

jth time increment
non-dimensional thermal
penetration thickness
[£¢e,2)])

cone angle (Fig. 1)
viscosity of product gases
gas density

propellant density

wire density

temperature gensfitivity of
matrix propellant burning
rate

301id propellants are generally burned
in rocket motors in one of two basic con-
figurations, either in the form of an end-
burning grain or as a centrally perforated
grain. In the end~burner (cigarette~burner)
mode, a solid cylinder of propellant is
ignited on one end face and burns back along
the cylinder parallel to the centerline. In
the centrally~perforated mode, the propeli-~
lant cylinder contains a port along the
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centerline (which may be a simple circular
port or may have a much more complex shape
such as a star or a wagon wheel) with burn-
ing being initiated on the inside of this
port, followed by burnback through the
cylinder radially to the motor wall. As
might be expected, for typical tactical
motor length/diameter ratios, the end-
burning configuration tends to lead to
relatively high action times, while the
centrally-perforated configurations yield
much shorter times. Due to limited vari-
ability of propellant burn rate via formu-
lation adjustment (particularly in the
presence of other design constraints) the
motor designer sometimes finds himself in a
situation where the action times achievable
with an end-burner are unacceptably long,
while thnse achievable with a centrally-
perforated grain are unacceptably short
(within given constraints on motor geometry)
for his mission., (In addition, end-burning
configurations lead to higher mass frac-
tions, often of considerable importance, a
factor driving the designer to prefer their
use.) One way around the problem of exces-
sively long action times for endburners is
to embed metallic wires in the propellant,
parallel to the motor centerlfne, to
increase effective burning rate.

These embedded metallic wires lead to
anplification of the mass burning rate by
providing augmented heat feedback from the
product gases to the propellant immediately
adjacent to the wires, thus resulting in
local burn rate increases in the direction
along the wire with consequent formation of
cones in the propellant with half-angles
equal to the arcsine of the base propellant
burn rate divided by burn rate along the
wires. The propellant not immediately
adjacent to the wire of course burns at {ts
normal rate perpendicular to the cone sur~
face, but because of the increased surface
area assoclated with the cone, the mass
generation rate and "effective” burn rate
are increased. (See Figure 1.) An offshoot
of this approach to burn rate enhancement is
the use of chopped metallic fibers (oriented
or unoriented) in formulations. (In the
oriented~fiber approach, advanced casting
technology is applied to cause the fibers to
orient themselves preferentially parallel to
the direction of burning.)

Direction (il Bul'mng flong Wire

Curcutar Cross Section
Wire Length of
Extension into Gas
Detormined by Meit
// Point
Gas Fiow —';-
From
Propeiiant / /_. 11 é 0 9
/ 4'H Propeliant Cone
Propeiiant e A S
Cone 1 i
' !
///ﬂ N
Vol e Matrix Rate
Hz:::ms Sub:mm \ h Rale Along Wire
urn Rate in '
thus Zone Parakel 1o ‘ /
Wire Direction s the W [s ShonSuaon Ariows
Augmented Wire Rate wlc(
Fgust S of Wired P [

Over the past thirty years, Atlantic
Research Corporation has applied the
approach of embedding metallic wi:es in
end~burning propellant grains to enhance
burning rates to a number of tactical solid i
rocket motors, the most notable of these
being the Stinger Missile and its predeces-
sor, the Redeye Missile, both shoulder-fired
surface~to-alr weapons. Additional applica-
tions include the MK30 (Terrier) Missile,
the AGM-130, and the Tiger 1I.

Rumbel and coworkers at Atlantfc
Research(1-3) pioneered the use of embedded
metallic wires to enhance solid propellant
burning rates in the mid-1950s, first
applying this technology to extrudable poly-
vinyl-chloride-based composite propellants
(designated Arcites). In the course of
these early studies, these investigetors
developed an extensive data base for two
formulations, Arcite 155 and 322 (sfmilar
formulations differing only in ammonium
perchlorate particle size and thus matrix
burn rate versus pressure characteristics),
utilizing wired strands of propellant burned
in a pressurized bomb. This data base
encompassed a wide range of pressures, wire
diameters, and wire materfals (silver,
aluminum, copper, tungsten, platinum, molyb-
denum). It was found that the burning rate
enhancement was for the most part propor=-
tional to the wire thermal diffusivity, with
wire melting temperature having a secondary
influence (higher melting point leading to
higher rate). For very small diameter
wires, burn rate enhancement was found to
increase with increasing wire diameter, up
to a diameter of about 5 mils (.0127 cm),
with subsequent decrease in enhancement for
further increases in wire diameter.

Subsequently, considerable additional
(though not nearly as systematic) data on
the effects of wires on burning rates of
other composite propellants, notably poly-
butadiene-based systems, have been amassed
at Atlantic Research., In general, however,
these studies have been limited to one type
of wire and one (or at most, two) sizes,
with minor formulation adjustments being
made in search of a specific wired rate for
a specific application. In 1982, Kubota and
coworkers (4) published a paper summarizing
an experimental study of effects of embedded
metal wires on the burniag of a series of
double~base propellants; wire matertals used
in this study included sflver, tungsten, and
nickel, with silver being studied most
extensively., (Thi: paner did not include
enough f{nformation regarding the propellant
characteristics to permit comparison of data
with predfctions by this lecturer's model,
described in detail below.) The wire si:es
utilfzed were all well in excess of 5-mil
diameter; augmentation ratios were found to
decrease with increasing wire diameter,
consistent with the results of Rumbel, et al
in this regime. In additfon, sugmentation '
ratio was seen to increase with facreasing
wire therma) diffusivity, agaln conslstent
with previous observations.

Hsing, Wa, and Kuo'3?, 1a 1990,
published results of & 1i{mited study of the
effects of silver and copper wires on
end-burning HTPB composite propellant grains
in a motor, using an X-ray imaging system to
track the development of cones around the
wires. In their studies they found somewhat
larger uvire diameters for maximization of
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burn rate augmentation, approximately 0.6 mm
(25 mils) compared to the 5 mil optimum
obsezved in the extensive studies of Rumbel,
et al. As part of their work, Hsing and
coworkers developed an empirical expression
relating the burning rate augmentaion to the
wire thermal diffuoivity, wire size, base
(unwired) rate, and effective spacing
between wires (effective diameter influenced
by a single wire).

As part of the early studies by Rumbel
and coworkers, 2,3) 4 simplififed heuristic
model was developed to qualitatively explain
the observed trends regarding effects of
wire diameter and type on burning rate
enhancement. This description did qualita-
tively describe the observations, but
required artificial adjustments of para-
meters not calculated from first principles
to actually fit the data. In addition, this
model was strictly a steady-state one,
incapable of treating transient effects,
such as startup or encountering of contact
resigtances associated with local wire
unbonds from the surrounding propellant.

In 1967, Caveny and Glick(6) published
a paper describing the effects of embedded
metal fibers (actually flat ribbons with a
high ratio of one surface dimensicn to the
other, leading to treatment of conduction of
heat from the wire i{nto the propellant as a
one-dimensional process at each axial loca-
tion along the wire) or the burning rate of
solid propellants. In this analysis, they
assumed that the burn rate along the wire is
simply the rate at which the point along the
wire at which the temperature is equal to
some arbitrarily assigned "ignition tampera-
ture" propagates along the wire. (This is
not to imply that the analysis is simple--it
{8 not.) In addition, no counsideration was
given to the possibility of a "co-tact
resistance” between the wire and the propel~
lant, a likely result of wire/propellant
unbonds which may well occur, for example,
as a result of temperature cycling. This
model is capable of treating transient
effects, being mainly aimed at analysis of
the effects of short chopped metallic fibers
on burning rate.

Rybanin and Stesik(7) also analyzed the
effects of flat heat-conducting elements on
combustion of solid propellants, using an
asymptotic solution approach; their analysis
i8 limited to steady-state behavior. More
recently, Gossant and coworkers 8) developed
a simplified analysis of the effects of
circular metal wires on propellant burning
rate., Unfortunately, this model encompasses
several simplifications which are strongly
at odds with experimental observations, the
most notable of which are an assumption that
the wire does not project above the propel~-
lant surface into the gas and a second
assumption that the temperature of the wire
at the propellant surface is the melting
temperature of the wire. With respect to
the tirst assumption, movies of the burning
of wired strands have shown that there is
significant protrusion of the wires above
the propellant surface; the second assump-
tion comes to grief as regards the use of
wires with high melting temperatures (e.g.,
tungsten) which would result in absurdly
high propellant tempetatures near the pro-
pellant-wire-gurface interface.

6-3

2, OUTLINE OF INTEGRATED STUDIES BY THIS
LECTURER

In the course of this lecturer's
studies of the effects of wires on solid
propellant burning rate, a model of the
effects of wires on burning of strands with
wires embedded along theilr centerlines was
first developed. 9)” This model was then
checked/calibrated against the previously
mentioned extensive data base of Rumbel,
et al. Finally, the model was extended to
treatment of motor ballistics in the
presence of wires, with particular attention
being paid to the possible effects of local
gaps (along the length of the wire) between
the w the surrounding propel-
lant.{fs'ng

3. WIRED STRAND MODEL DEVELOPMENT

In this analysis, circular cross-
gection wires were treated since these are
by far the most commonly used in practice.

A transient analysis, with an initially flat
surface (8 = 90 degrees in Fig. 1) and an
arbitrarily specified f{nitial projection
distance of the wire above the propellant
surface was developed, utilizing the
following general strategy.

Farst, the knownr product gas tem-
perature and the infitfal temperature
distribution in the wire (to date, the
analysis is performed assuming the initial
temperature throughout the wire to be equal
to the propellant conditioning temperature)
are used with a gas~phase heat transfer
analysis (described later) to calculate the
heat flux into the wire at each axial loca-
tion along the part of the wire extending
into the gas. This flux distribution is
assumed to remain constant through one time
step, which 18 calculated as the quotient of
the user-irput axial node spacing divided by
the current burn rate along the wire (equal
to the matrix rate for the first time step).

A transient snalysis of the heat trans-
fer along the wire and into the propellant
(again described later) is then carried out
for this first time step, ylelding a result-
ant axial and radial distribution of temper-
ature in the propellant at the end of the
time step., The first axial increment of the
propellant (increment closest to the sur-
face) is dropped at this point, and the
radial temperature distributionfat the next
node is used to calculate 2 mean temperature
at the "new surface” across a radfal thick~
ness equal to three characteristic matrix
thermal proffle thicknesses (3 times propel-
lant diffusivity divided by matrix burn
rate), This mean temperature {s then used
with an expression relating burn rate to
temperature (based on the matrix burn rate
temperature sensitivity and autoignition
temperature as described later) to calculate
a new regression rate value along the wire.
This rate is then used in combination with
the matrix rate to calculate a new cone
angle (@ = arcsine (Matrix Rate/Wire Rate)).
The distribution of heat flux into the wire
for the next time step is then calculated
using the new temperature distribution in
the exposed part of the wire and the new
cone angle, a new time step is calculated as
the quotient of the axial node spacing and
the new burning rate along the wire, and the
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transient heat transfer analysis in the wire
and propellant is restarted and run for this
new time increment. A new surface tempera-
ture radial distribution is thus defined as
that at the next axial node at the end of
this time increment, a new mean surface
temperature and burning rate along the wire
are calculated, and the next calculation
loop is started. For calculation of a
steady~state wired rate in strands, the
analysis is repeated until an asyaptotic
limit rate i{s reached.

3.1 MAJOR ASSUMPTIONS/A<PROXIMATIONS

At any given time step through the
analysis, the geometry in the vicinity of
+he wire will have the generic shape of Fig.
1 (with, as mentioned, time zero represent-
ing a limiting case where 8 = 90 degrees and
the cone walls are horifzontal)., This figure
is instructive in listing the major assump-
tions/approximations associated with the
analysis:

(1) Heat conduction in the propellant
parallel t- the wire (axfal conduc-
tion) is neg.ected.

(2) The wire itself is assumed to be
thermally thin (no radial tempera-
ture gradients in the wire).

{3) Gas-phase reaction con® hutions to
the heat balance in the aear=-wire
region are neglected.

(4) Radiative heat transport between
the wire and surrounding flow ir
neglected. (Note that this is not

the same as neglecting radiative
h:at feedback to the propellant
surface In regions not directly
affected by the wire - any contri-
bution in thu.s area {s lumped into
the empirically input matrix burn-
ing rate versus pressure character-
istics.) An order~of-magnitude
analysis indicates that for a typi-~
cal wire d{ameter of 5 mils (0.0125
cm) with a mass flux alogg the wire
of approximately 5 gm/cm“/sec, the
conductive/convective heat *ransfer
coefficient between the wire anid
surrou?dlng flow will be about 0.1}
cal/cn“/sec/K, which with a typical
temperature difference of approxi-
mately 2000K lezds to a heat flux
into the wire of about 200
cal/cm"/sec. With an emissiviiy-
absorpcivity product of unity,
radiative transport, tor a gas
temperature of 2500K, wil] lead to
a flux of about 50 cal/cu“/sec,
only one~fourth of the conductive/
coavective flux. Moreoever, for
more realistic values of “he g~
siv’ty—absorgtivity product o 1
or lesa{12,13) (oyon for highly
metalized propellants, which are
not being treated in Lhis study te
date) radiative transport contribu-
tions will be less than 3 percent
of the conductive/convective con-
tributions.

(S) AV propellant thermal properties
are constant (tempesature indepen=~
dent) and isotropic.

(6) All wire thermal properties are
corstant (temperature indepzndent).

(7) A1l wire nodes which reach the
melting temperature of the material
are assumed to disappear (break
off).

(8) It is assumed that a unique
relationship exists between the
burn rate along the wire and a mean
temperature (calculated over three
matrix thermal profile thicknesses
around the wire) for any given
formulation,

The last assumption requires further discus-
sion. It i8 considered that the heating of
the propellant aijacent to the wire is
equivalent to local raising of the condi-
tioning temperaturs of the propellant.

Thus, for moderate values of "superheat,” it
is assumed that the matrix propellant burn
rate temperature gensitivity (¢ ) can be
used to calculate the augmented’rate. How~
ever, available temperature sensitivity dats
in general are only good up to about 50
degrees (Kelvin) of superheat. Accordingly,
it was decided to use the autoignition
temperature of the propellant as an addi-
tional data point, with burn rate set equal
to infinity at this temperature. It is
assumed that the relationship between burn-
i1g rate and "effective couditioning temper-
ature” can be expressed in the form:

L. 2
TRt Tk T m

with the burn rate at 298K, the temperature
sensitivity o' er a 50°K range, and the auto-
ignition temperature being used to calculate
kl, k2 and k3 tor a given formulation from:

1 2

=k + 298 k, + (298)° k

08 1 2 3 (2a)
) =k, + 38 k, + (348) k

Tiog exp(SoaP) 1 2 3 (2b)

- 2
0 Ky + Tauto %2 * (Truno) ky  (2¢)

hext, one is faceu with the question of
defining an approoriate temperature for use
in Eqn. 1 for calculatir_ the burning rate
along the wire. One might consider using
the surface temperature at the wire-propel-
lant interface, but it seems apparent that
this 1{s not really appropriate since it
represeats the temperature of only an
infinitesimal amoun* of propellant. (In
adeition, ‘* can be shown that use of such a
temperature will result in the predicted
rate rising monotonically with decreasing
wire dismeter all the way to a wire diameter
of zero, a result /an conflict with observa-
tion (and with conmmon sense).) 1t appears
logical that a2 mean temperature over a
thickuess of propellant proportional to the
character{stic matrix thermal profile thick-
ness is more appropriate - a chickress equal
to three times the propellant diffusivity
divided by the matri{ rate (equivalent to 95
petcent of thc total matrix thermal profile)
was chosen as appropriate for the averaging
process, giving:
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3.2 ANALYSIS OF HEAT TRANSFER INTO WIRE

An approximate analysis of the gas flow
field in the cone surrounding the wire (Fig.
1) indicates that the velocity component
parallel to the wire immediately adjacent to
it {8 proportional to the bulk (average)
axial velocity in the cone, with the pro-
portfonality constant depending on the cone
angle, varying from unity for a flat surface
(6 = 90 degrees) to approximstely 2.0 for
cone angles less than or equal to 45
degrees., In addition, the average axial
velocity in the cone is related to the gas
velocity leaving the cone surfaces by:

vsurface %)
sinB

el

With substitution of sin® = r*
and o

]
matrix/rwire

propellant rhatrix " pgas vsurface’ the

velocity adjacent to the wire can thus be
expressed as:

KV ! K
v - surface wire _ Egrgggllant ¢! )

4
Tpacrix egas wire

where K is a function ot the cone angtle
ranging from 1.0 to 2.0. (An empirical fat
to the results of the flow analysis is
utilized for calculation of K for any given
cone angle.)

The velocity adjescent to the wire {s
used in calculation of a friction facter
and, using Reynolds' analogy, a heat tr-ans-
fer coefficient for heat transport frem the
product gases into the wi.e Laminar flow
equations are employed for a Reynnlds'
Number (based on wire diameter d4nd axlial
velocity adjacent to the wire) of Jess than
2000, while a constant friction factor of
0.008 i1s used for higher Reynolds' Number
values, leading teo:

[Laminar)
4X¢C
" rod as (r .7 )
q we——Pyprod gas (6a)
Dwire gas wire
[Turbulent]

. 3 -
4" = 008 @0 Tuire Cp,prod L Toire)  (6D)

[S1 ght modificatfon of this analysis to
allow for differences between the angle at
the tip of the cone and the “average™ angle
over the entire cone was carried out during
extension of the model to treatment of the
effects of wires on motor ballistics.)
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3.3 TRANSIENT THERMAL ANALYSIS OF WIRE AND
PROPELLANT

Rigorous analysis of the transient heat
transfer in the propellant and wire would be
extrenmely difficult, even with the simplify-
ing assumptions listed earlier, involving
simultaneous treatment of axial derivative
terms in the wire, radial derivative terms
in the propellant, and time derivatives in
both media. Accordingly, following the lead
of Caveny the author employed an inie%-
ral method based on the work of Goodmantl®)
and Lardner and Pohle to reduce the
order of the problem by replacing the dif-
ferential equatfons describing the radial
heat transfer fn the propellant with
integral equations based on assumption of a
fixed ferm for the shape of the radial temp-
erature distribution in that region. With
this approach, expressions relating the
radial heat flux into the propellant at any
given axial location and time to the current
propellant temperature adjacent to the wire
at that axial location and the time-inte-
grated value of local flux up to that time
can be used to replace rigorous analysis of
the propellant region in supplying needed
boundary conditions for solution of the par-
tial differential equation (in time and
axial coordinate) governing heat transfer in
the wire. (It should be noted in passing
that the integral analysis is somewhat more
difficult to apply in the current cyitfndri~
cal geometry than ino the one-dimensional
geometry treated fn Caveny's analysis due to
the transcendental nature of the fntegral
equations in the cylindrical geometry case.)

Application of an unsteady-state heat
balance to the wire results in the following
partfal differential equation in temperature
(functfon of time and axial location) along
the wire:

2

c 3Twu'e - ? ‘vire
Puire p,wire at wire az2
4
+ q" (7)
Duire

where the sign conveation for q" is such
that it represents heat flux into the wire
at cny axial location. (Recall the . sump~
rion of a thermally thin wire, which reduces
the wire analysis to a one-~dimensional
transient problem through neglect of radial
temperature gradients in the wire ftself,)
The boundary conditions for the part of the
wire projecting into the gas product stream
were discussed in the previous section. For
the submerged part of the wire, the heat
flux into the wire at any axial location may
be expressed as:

s = hCon:act(Tprop,1ntcrf&:e- Tose) =
" aTgrog(rwire't)
prop — (8)
r
where q°, Tprop,interface’ Twlre’ hcon:ac:’
and arprop/ar are a41] rfunctions of axial

Jocation (z) and time. The integral method
outlined below is used to relate q" (z,t) to
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Tprop,interface (z,t) at each axicl location

and time, and Eqn. 8 {s then used to 2limin-
ate T to establish a relation-

(z,t); Egn.

prop,interface

ship between q" (z,t) and Tui:e

7 can then be solved numerically using an
implicit scheme involving solution of a tri-
diagonal matrix at each time step.

With neglect of axlial temperature
gracients in the propellant (Assumption 1)
the governing equation for teaperature
di{stribution in the propellant at any axial
location is:

3T 3 ( a'r)
- a —_ = (9)
at PYOP o ar

Following the method of Lardner and Pohlel15)
for integral method analysis in cvlindrical
coordinates, it is assumed that tue
temperature profile shap~n at any given time
and axial lccation may be expressed as:

Ser fre T \2 r
LU 1a

wire Twire

T=T- T [
- T - -
bulk + &

4

(10)

where 8§ (z,t) Js the thermal wave thickness
in the propellant and g is a constant deter-
ained by the boundary conditions. These
boundary condfit{ons are:
_ oF
+6 : T=0, -~ =0
or

-
F = Toire

= 1)
"

8T
q" - K

re —
prop ar

Twire

Application ot these bosndary conditfons,
and substitution of n(z,t) = (§(z,t) +

Mr leads to:

r
wire wire

2
/EEEQP)(n -t ln(r/r"xren)

(n=1){2lan + n - 1)

"
';.’ - (a Tuire

(12)

which when evaluat:d at the propellant-wire
interface (r = rwlre) yields:

~ ~(q"r, )(n-1) lan

T - uire/ky:op
prop.interface

21an + n - 1 .(13)

Integration of both sides of Eqn 9 over the
thermal wave thickness (r to r +48),
followed by substitution g*rfhe flﬁ%rgound-
ary condition at the wire-propellant fnter-
face fsecond part of Equ. 8) snd consfder-
able marhematical aanipulation leads to an
expresc.on relating the therwnal protile
rhickness at 4 given time, the flux at that
tire, and the time inteyral of the flux up
to that time (all at a given axial loca-
tion):

14
2 " v v
‘°p:op/‘ vired fq e« £(n) (16)
0

where

G 2-96n+36)lan +36n° ~13n°~ 320 + 9

f(n) =
144(n-1)(22nn + n = 1)
(15)

The heart of the integral analysis lies in
breaking the integral of Eqn. 14 down to:

t -ﬁté q"(t=st,) + q"(t)
fq it - fq ol ¢ ——d by (16)
0 0 2

with the integral on the right-hand side of
the equation being updated and stored at
each time step.

A brief outline of the procedure for
analyzing heat transport in the wire and
propellant using the integral method for the
propellant follows. For any time step (4t,)
new values of Tui ace calculated at eachJ
axial node along ERe wire using one time
step of numerfcal integration of Eqn. 7 with
the old (previous time step) flux values
(lagging solution). New values of propel-
lant temperature at the wire~propellant
interface, n (dimensionless thermal wave
penetration), and flux are then calculated
at each axial location using Eqns 13-16
along with the first part of Eqn. 8 in a
trial-anc¢-error-loop calculation. (For
cases with very small or no gap between the
wire and propellant, the old flux values
could be used to calculate the temperatures
via Eqn. 8, with subsequent solution of
Eqn<, 13-16 for new flux values, but with
gaps of more than a few microns, this
simpler procedure was found to break down.)
The new values of flux are then used to
update the flux-time integrals at each node
and are also used 1s boundary conditions in
treatment of the next time step in the
integration of Equ. 7 with respect to tiues

.4 TREATMENT OF MELTING WIRE EFFECTS

Some of the wire materials employed in
wired propellant grains have fairly 1.w
meliting points (e.g., 930°K for aluminum,
1230°K for silver, 1355°K for copper); early
calculations with a computer code based on
the analysis described in the preceding
sections showed that these timperatures
would be quickly exceeded at the outer
reaches of the exposed wires ag the propel-
lant receded back around them. It is post-
ulated that the shear forces associated with
the product flow along the wires (out of the
cones) will instantaneously remove any wire
nodes whose temperature rfiser above the
melting point of the mareria) being uveed,
Accordingly, the code was modified to drop
at each time step any wire nodes predicted
to rise above the melting temperature during
the preceding time increment. In this
analysis, the heat of melting 18 straight-
forwardly decremented from the heat balance
on the wire via modification of the wire tip
boundary condition to include a heat of
mclting term for the mass assoclated with
the dropped nodes.

3.5 COMPARISON OF MODEL PREDICTIONS WITH
STRAND DATA

As indi{cated earlier, an extensive data
base oi the effects of wires on propellant

=




burning rates was developed by Rumbel, et al
for two polyvinylchloride~gmmonium perchlor-
ate solid propellant formulations in the
1950's. In this investigation, in which
wired propellant strands Were burned in a
pressurized bomb, wire type, wire diameter,
and pressure were systematically varied
independently; thus, this data base provides
an excellent test vehicle for the model
described above. 1In addition, data obtained
more recently by Atlantic Research for a
polybutadiene~based composite propellant are
examined. Compositions for the three
formulations studied along with propellant
properties needed for ‘model inputs are given
in Table I. As may be seen, the two poly-
vinyl chloride formulations (Arcites 155 and
322) are nearly identical, differing only in
ammonium perchlorate size distribution (and
thus matrix buranlng rate). Data obtained
with six different wire materials (silver,
copper, tungsten, platinum, aluminum, and
molybdenum) were compared to model predic-
tions in this study; properties of these
materia's required as model inputs are
tabulated in Table II.

As mentioned in discussfon of the model
development, allowance was made in the model
for a finite contact resistance (variable
with ax{al distance along the wire via user
input) between the wire and propellant to
permit simulation of the effects of gaps
resulting from wire unbonds (causea in motor
situations, for example, by temperature
cycling resulting in differeant expansions/
contractions of the propellant and the
metallic wires which tend to have large dif-
ferences in coefficients of thermal expan-
sion). All calculations presented in this
section were performed using a negligible
contact resistance (very high value of
) under the logical assumption that
06 such unbonds were present with the wired
strands. In all cases, the model was run
until an asyamptotically limiting value of
burn rate along the wire was achfeved
(generally at 0.5 to 1.0 cm of total regree-
sion along the wire).

h
conta

The one needed propellant property
which ts not well documented (and, in fact,
not even very well defined) is the autoigni-
tion temperature, required for evaluation of
the constants appearing in the burning rate
versus temperature equation (Eqn. 1).
Discussioans with various prapellant deve-
lopers indicate that physically realistic

Table 1, Propellant Properties of Fermistions Examtned

Arcite 155, 322 Arcadene 426

Roning® sition 4,62 A n5,0 AP
32.44 PEC Resin 12.5 W1l
32.44 Dibutyl Sedacate 2.5 Dloctyladipate
0.50 Stadslizer
Flese Tesperature (°X) 2,an 2,838
Froduct specific hest
{eatles K} 0.43 0.445
oenstty (ga/ea) 1605 1.6
Propetient specific heat
{cal/om °K) 0,388 0.37%
Propellant therssl conductivity
{catjem sec K} 0.000¢2 0.0007%
» {8 per K} 0.22 0.25
Katrix rates at 1,000 pste
{cassec) 1.14, L2 1Li¢

Table 2. Wire Preperties for Wiry A eridls hed

Ters ) Spcific Thrs’ »it Mrat of

Gondct. vity  Dmneity [ .3 mg?vm, Temperature Meiting

Mtertal  (ca)/owsec T) (gonl) (Cal/g X)) _{owi/sec) (3] {calsgm}
$iver .95 10.% E 1.3 1.4 »
Copper v, %0 8.9 #1086 0.9 1.4 Ed
Tungiter o2 193 0% 0.6 3,90 “~
Platine o.n n.4s K 0.7 2,00 o
Alawings 0.4% 2.70 2 en 0 »
Rolybdames ¥ 3 1.2 SN L X ] 3,160 n

6-7

values of this parameter probably are
bounded by 450 and 600°K (350-620°F). A
rough optimization of choice of value for
this parameter was carried out by comparison
of model predictions with data obtalned at
1000 psia with various diameter tungsten
wires, resulting in a chosen value for auto-~
ignition temperature of 520°K (475°F) for
the Arcites. Sensitivity of predicted aug-
mentation ratios (wired rate/matrix rate) to
this parameter was examined; results of this
sensitivity study for 3 mil diameter tung-
sten wires in Arcite 155 are presented in
Fig 2. As may be seen, varfation of the
autoignition temperature value from 480 to
560°K (+ 40°K around the selected 520°K
value) leads to a variation in augmentation
ratio from 4.8 to 2.9 (+ 30 percent around
the 3.65 value)., Thus it may be seen that
the sensitivity of predicted wired rates to
this parameter, while not overwhelming, is
certainly not negligible; further informa~
tion for fitting of the constants inm Eqn. 1
(for example, temperature seasitivity daca
out to much higher temperatures than norm-
ally examined) would be highly desirable.

hd T ¥ T T 1] ¥ T T —
Asciie 155 with 3 it Diameder
s sk Calcutations Tungsian Wies,
95 P = 1,000 paa ﬂ
5
54 E
g Expenmental Aal
N
3
3
ZF -5
1
450 470 480 AP0 500 510 520 500 540 550 580

Autogniton Temperalure Value Used (Deg K}

Figure 2 Senstmily of Caiculalod Wired Propeilant Burn Rate 1o
Input Aulognition Temperature

In Table III, predicted 1000 psia burn~-
ing rates and augmentation ratfios are
compared with data for Arcite 322 contafning
5 mil diameter wires of different materials
(stlver, copper, tungsten, platinum, and
aluminum). In 2ll model runs, the autoigani-
tiona temperature of the propellant is held
at the 520°K value established from the
earlier analysis of the tungsten wire data
with Arcfte 155. As may be seen, the model
does a reasonahly good job of predicting the
effects of the various materials on wired
burning ratesg, though it does overpredict
the augmentation ratio by about 17 percent
for silver and 27 percent for aluminum,
while underpredicting the effect of platinum
by about 22 percent. It should be noted
that the conductivity value used for
aluminum may well bz rno high. It has been
obegerved that electrical conductivity of
aluminum is strengly decreased in the
presence of even low levels of impurities,
and {t is generally found that thermal con-

Tavle 3. Comparison of Predicted and Expertments) Burn Rates for Arcite 322
¥ith Yerfous 5 o1} Diameter Wires ot P = 5,000 psia

Burn Rate (co/sec) Augmentation Batio

¥ice Tree L Cale. Expt. Calc.

Stiver 6.7} 1.88 8.3 6.18 (172 Nigh}
Copner 5.0 $.40 4.63 [&1] s Lw)
Tungsten 4.62 4“9 .68 4 53 I.or;
Matine rn 2.8 . E 8¢ 278 Low
Almtnve .95 315 R 2.9 273 Migh)

?
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Figure 3 Predicied and Otsarved Effecis ¢ Various Wires
on Burning Rale

ductivity tracks well with electrical
conductivity. Thus, 1f there were
impurities in the aluminum wire used the
thermal conductivity may well have been
lower than the value used in the modeling
exercise; reduction of this valuye from 0.55
to 0.45 cal/cmsec °K would result in excel-
lent agreement between model predictions and
data.

~—}

In Fig. 3, predicted and experimental
wired burning rates for Arcite 155 at 1000
psia are plotted against wire diameter for
tungsten, molybdenum, copper, and silver
wires. As may be seen, the model predicts
the existence of a wire diamcter for which
the rate is maxinized, with the rate rolling
off fairly quickly for smaller diameters and
more gradually for larger diameters; for the
four wire materials studied, the rate-
maximizing diameters are predicted to be 3
to 4 mils. In general, the model predic-
tions agree reasonably well with the data
both in terms of general magnitude of the
wire effect and wire diameter dependency.
With tungsten wires, agreement between
theory and data is exellent while with
nolybdenum and copper the degree of agree-
ment is certainly respectable. Even with
silver wires the trends appear to be
correctly predicted though the magnitude of
the wire effect is overpredicted for silver
wires as with Arcite 322. On the whole, the
model predictions appear to be quite accept~
able, particularly considering the lack of
adjustable parameters.

A predicted burning rate versus
pressure curve for Arcite 155 with 3 wmil
diameter tungsten wires is plotted alomng
with five data points in Fig. 4; as may be
seen, the degree of agreement is outstand-
ing. In Fig. 5, a similar burning rat-
versus pressure presentation of data and
predictions is made for Arcadene 426 with 10
mil diameter silver wires. Due to major
differences in this formulation from the
Arcites (Table 1), it is reasonable to
expect that the effective autoignition temp-
erature of this propellant might well differ
from the 520°K value used tor the Arcites.
Predicted burning rate versus pressure
curves calculated using autoignition temper-
atures of 550, 600, and 620°K are presented,
along with wired propellant and matrix data,
ir Fig. 5. It is observed that reasonably
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Figure 4, Arcite 155 with 3 mil Diameter Tungsten Wires
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Figure 5. Arcadene 426 with 10 mit Diameter Silver Wire

good agreement between theory and data is
found with T = 600 or 620 degrees
Kelvin, whilgu&ge of T = 550 degrees
Kelvin leads to overprggsgtlon of augmenta=-
tion ratio by about 15-20 percent. It
should be recalled, however, that the effect
of silver wires was overpredicted for the
Arcite formulations. Thus it might be that
the 550 degree value would prove to be more
reasonable in predictions of Arcadene 426
behavior with other wire materials; unfortu-
nately data for such a comparison have not
been found,

Figures 6 and 7 demonstrate some of the
transient prediction capability of the model
described in this paper, as well as showing
how the approach to the steady-state wired
rate in a strand is influenced by the
initial protrusion of the wire into the zas
product stream above the initially flat sur-
face. 1In Figure 6, burning rate of Arcite
155 at 1000 psia along a 3 mil diameter
tungsten wire is plotted against cumulative
distance burned for three different initial
wire projections (.01, .05, and .50 cm). As
might be expected, the burn rate asymptotes
to the steady-state value in a shorter burn-
back distance for greater initial wire
protrusion, with the required burnback
distance varying from about 0.4 ¢m for the
0.50 cm initial protrusion to 0.6 cm for the
0.01 initfal protrusion. Figure 7 presents
simfilar results for a 10 mil diameter silver
wire; since silver has a melting temperature
of only 1230°K, well below the propellant
fiome temperature (unlike tungsten, whose
melt temperature exceeds the f}ame tempera-
ture), it eventually attains a steady-state
projection distance into the gas (approxi-
mately 0.83 cm as indicated in the figure)
with one wire node melting and dropping off
for each increment of propellant burned.
Again, larger values of inftial protrusion
of the wire into the product gases lead to
quicker approach to a steady-state burning
rate along the wire.
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3.6 PREDICTED EFFECTS OF GAPS ON WIRED
STRAND RATES

Following completion of the calibration
cf the strand version of the wired burning
rate model with respect to the data base
described in the previous section, para-
metric studies of the elfects of gaps
between the wire and surrounding propellant
on strand burning rate were carried out.
Arcadene 426 burning at 200 psi with an
embedded 10 nil diameter silver wire was
arbitrarily chosen for these studies. An
autoignition temperature for this formula-
tion of 560°K, based on the rationale
presented in the last section was used 1in
generation of the results presented here;
trends observed were only slightly affected
by use of autoignitivn temperatures over the
range presented in Fig. 5. In calculation
of thz heat transfer coefficient across the
gap (h in Eqn. 8, the quotient of the
chermafoggﬂﬁﬁctivity of the gap medium and
the gap width) a value of 0.0(0)
cal/cm/sec/K was used for the thermal
conductivity of the gap gases {corresponding
to nitrogen at about 400°K), sgain somewhat
arbitrarily. [Obviously, {f a different
value is chosen the resu'ts preset.ed can be
easily adjusted by ratioing gap wid:hs pro-
portionally to the conductivity values.]
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In Fig. 8, the effect of the gap size
on strand burning rate versus distance
burned (again assuming an initfally flat
surface) 18 presented. Included for
reference are the matrix rate for Arcadene
426 at 200 psi and the predicted burn rate
versus distance burned for perfect contact
between the wire and the propellant (no
gap). As may be seen, the shapes of the
curves for the various gap widths are some-
what similar, though the overshoot in burn
rate predicted at zero or small gap width
(resulting from the finite time required for
the quasi-~steady temperature profile in the
wire to be established) does disappear for
gap widths in excess of about 5-~10 microns
(0.2-0,4 mils). As also shcwn by this
figure and Figure 9, the asy ptotic strand
rate decreases monotonically wi.h increasing
gap width, as expected, with the augmenta-
tion ratio (wired rate dfvided by matrix
rate) decreasing from about 7 in the case of
no gap to 4 for a 5 micron (0.2 mil) gap to
2 for a 33 micron (1.3 atl) gap.
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In Figure 10, results of exam{nation of
the effects of step changes in gap size
along the propellant strand are presented.
In these studies, the gap width was held at
zero for the first two centimeters along -he
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strand, suddenly increased to some non-zero
value and held constant at that value for |
the next 1.5 cm, and then suddenly returned

to zero, representing a small local unbond §
region. Three gap widths (1, 2, and 5 i
microns) were examined. As the region with i
the gep {s approached, the model predicts an ¢
upturn in the burning rate (due to less heat

loss along the wire downstream of the begin-

ning of the gap). As soon as the gap is

reached, burning rate drops precipitously,

wih a strong overshoot, before rebounding to

the quasi~steady~state rate for the given

gap width (compare the f{ntermediate flat

region to figures 8 and 9). Toward the end

of the gap region the predicted rate de-

creases for a short period due to increased

losses in the downstream region where the

gap has returned to zero; a strong overshoot

is then predicted just downstream of the end

of the gap with, finally, an asymptotic

return to the zero-gap burning rate. Thus,

it may be seen that local gaps can have

dramatic effects on predicted burn-rate

versus distance burned along a strand, par-

ticularly for step changes in gap widths

o T T T T T T
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It i{s recognized, however, that such
step changes are somewhat fdealized limiting
cases; accordingly a second scenarlo as
regards gap width distribution along a wire
was studied. 1In this scenario (for which
results are presented in Fig. 11), the gap
1s again held at zero fo: the first two
centimeters along the wire, with a ramp up
to a designated value over the next two
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centimeters, followed by a hold at the
designated value for the next two centi-
meters, and finally a ramp back to zero gap
width over the next two centimeters. Desig-
nated gap width values examined in this part
of the study were 2, 5, 10, 15, and 20
microns. As may be secen, overshoots are
somewhat reduced (though not eliminated) by
the more realistic use of ramp changes in
gap width. The flat portions of the burning
rate versus distance burned curves, appear-
ing over most of the period of constant gap
width, again agree well with the quasi-
steady~state values for the corresponding
gap widths presented fn Figures 8 and 9.

4 EXTENSION OF MODEL TO CALCULATION OF
MOTOR BALLISTICS

Extension of the model described above,
developed for calculation of the effects of
wires on propellant strand rates (fixed
pregsure) with and without gaps between the
wire and the propellant, to treatment of
motor ballistics (with time-dependent pres~-
gure and matrix rate) involves addition of
geometric (cone development) and ballistic
analysis steps (along with the slight modi-
fication of the analysis of heat transfer
from product gases into the wire, alluded to
earlier): For simplicity (st least at
present) the motor analysfs is currently
limited to treatment of a c¢ylindrical end-
burning grain with a single wire down its
center. (Gap width betwcen the wire and
surrounding propellant is allowed to vary
with distance along the wire for parametric
study of the influence of non~constant gaps
on ballistics.)

4.1 MODEL DEVELOPMENT

As the propellant burns pack along the
wire, successive segments of propellant
surface with orientations determined by the
angle at the tip of the cone at the time of
their generation are added to the developing
cone. These segments subsequently burm back
normal to their orfentations at the pres-
sure~dependent matrix burning rate (function
of time through dependence of pressure on
time). At each successive time point, each
segment 1s moved back normal to its orfenta-
tion by & distance equal to the product of
the {nstantaneous matrix rate and the time
increment, and new fntersections of adjacent
segments are calculated for definition of a
new cone surface proffle. (As part of this
procedure, segments can of course disappear
upon convergence of their normal bisectors =~
this i{s treated in the geomc.sfical
analysifs.) As the intersection of the first
segment generated with the remaining initial
flat surface (which is of course also
receding) moves outward, the motor wall {is
eventually reached (no more surface normal
to the motor axis) and treatment of succes-
cive intersections of the cone with the wall
is broughtr into the geometrical 2analysis.

Definition of the full shape of the
cone and the amount of flat surface not yet
engulfed (up to the point at which the cone
intersects the wall) permits straightforward
calculation of total propellant surface area
at any given time. This value i{s then used
in a simplified chamber ballistics analysis

using Eqons. 17-20.

h 1

Mip © pproprmatrixAs.Total t)]

mout = cDAtp (18)
M. .

Ver @ = ™in " Mout (19)
gas

T

@ Minf%prop (20)

4.2 PREDICTION OF MOTOR PRESSURE BEHAVIOR

Next, the compl:te model, including
treatment of cone shape development and
motor chamber ballistics coupled with the
analysis of wire heating effects on propaga-
tion of the cone tip along the wire was
utilized in a limited study of the effects
of wires on motor ballistic behavior, with
ard without the presence of gaps between
wire and propellant. The Arcadene 426
propellant (Table I) with a single .0 uil
diameter silver wire embedded along the
motor axls was used for this study; motor
parameters chosen arc summarized in Table
IV. A fairly small motor was uvsed in this
study since larger motors generally use more
than one wire, a scenario not yet treatahle
with this model. An inttially flat surface
(no precouning) was assumed; the chosen motor
parameters yield an in.tial motor pressure
(steady-stste pressure without the wire) of
about three atmospheres. It should be noted
that the pressuie exponent of the chosen
propellant is fairly high (0.577) leading to
strong magnification of wire effects on
motor operating pressure.

Table 4. Motor Parameters For Motor Pressure-Time
History Cases Studied.

Arcadene 426 Propellant
10 mil Diameter Siver Wire

BR (cmvsec) = 0 149 PO-577 (P in atmosphees)
Product MW = 24,65

C-Star = 4900 fisec

Throat Area = 0.041 cm?2

Motor iD= 1.5¢cm

Initiat Free Volume = 10 em3

Equil. Pressure wio Wire = 2.938 alm

Inially, Flat Surface (No Precone)

One Wire

First, the effects of varfous constant

H
1
¢

gap widths between wire and propellant were
(in which product temperature variations due examined: results are presented in Fig. 12

to pressurization/depressurization are (pressure versus distance hurned) and Fig.
neglected) to calculate the evolution of 13 (asymptotic pressure levels attained
motor pressure and free volume with time versus gap width). As may be seen from Pig.
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12, the model predicts considerable (order
of 20 percent) overshoot in pressure above
the asymptotic value due to interactions
between wire heatup processes and cone
development processes. The asymptotic pres-
sure level is predicted to decrease strongly
with increasing gap width, due to a combina-
tion of the strong sensitivity of propaga-
tion rate along the wire to gap width (shown
earlier) and the relatively high burning
rate-pressure exponent.

4
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Figure 12 Baseine Molor Test Case - Vivious Gap Widthe 20} Gadeh(u)_ 10
0 ) A ) ~d 0
| T T L1 1 I 1] 1
T 80 p
0)
()] o -
4or -
-+
204 110
. L Gap Width (1) 5
o M e =’
| Cumulative Distance Bumed (cm)
10 No Wirs (infinte Gap) T .
/ Figure 14.
° PR IO R T S| Pressure (Almospheres) Versus
0 5 10 15 20 25 30 35 Cumulative Distance Burned for
Gap Width (nvcrons) Various Gap Width Schedules.

Figure 13. Asymptotic Equilibrium Pressure Versus Gap Width
o R;Eﬁdht&achnc-m *»

portion of the run, leading to identical
results). In all cases examined, the maxi-

Finally, the effects of several mum gap width was 10 aicrons (0.4 mils).

scenarios as regards gap width digtribution
along the wire were examined; results of
these studies are presented in the five-part
Fig. 4. 1In each part of this figure, the
gap width versus distance burned profile {is
preesnted at the bottom of the panel, with
the resulting predicted pressure being pre-
sented at the top of the panel. (The first
8 cm of each case are omitted since the gep
width in all cares was zero over this

As may be seen from Panel A, a 2 cm
ramp up to 10 micron gap width, followed by
2 cm at this gap width, followed by a 2 cm
ramp back to zero gap results in a slightly
distorted pressure versus time pattern, with
a modest undershoot in pressure relativa to
the 10 micron gap asymptotic value, With a
2 cm rasmp-up followed by an immediaste 2 cm
ramp back to zero gap (Panel B) a fai:ly
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regularly waveform is obtained, with
pressure not quite dropping to the aymptotic
value of 33 atm. assoclated with a 10 micron
gap. Skipping to Pamel D, where the ramp
times are halved, we again see a regular
waveform, but the minimum pressure produced
in this case i8 even further above the 10
micron gap asymptotic value.

In Panels C and E, the effects of
repeated sawtooth ramps corresponding to the
single sawtooth patterns cf Panels B and D
are presented; as may be seen, approximately
the same pressure minima are predicted, but
the pressure does not return to anywhere
near the zero-gap asymptotic value during
the intermediate returns of gap width to
zero, only returning to that value after
cessation of the gap width cycliag.

This preliminary study demonstrates
that the existence of gavs between the wire
and propellant in wired motors can have
major impact on motor pressure behavior,
with considerable variation of pressure with
time and considerable reduction in average
operating pressure (and thus mass flow and
thrust). Such behavior has indeed been
observed in high L/D wired motors which have
been temperature cycled and then fired at
low temperature conditions (but not when the
motors are temperature cycled and fired at
normal ambient or high t aperature). It is
suspected that the temperature cycling, due
to large differences in thermal expansion
coefficient of wire and propellant, leads to
unbonds between wire and propellant causing
sporadic gaps between the wire and the pro-
pellant which cannot relax back to zero gap
at low temperature conditions where the
propellant is considerably less elastic than
at normal ambient or high temperature
conditions.
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INSTABILITES DE COMBUSTION

Paul KUENTZMANN

Office National d'Btudes et de Recherches Aérospatiales
29, Avenue de la Division Leclerc

92320 CHATILLON (FRANCE)

RESUME

L’apparition d’une instabilité¢ de combustion
lors de ['essai d’un moteur A propergol solide constitue
toujours un &vénement majeur par Ses possibles
répercussions sur le délai et le coit de développement du
syst¢me. Depuis plus de quarante ans, de nombreuses
observations sur moteurs ont été accumulées, des
méthodes d’analyse ont été développées pour comprendre
et décrire les observations et des outils de prévision en
ont été dérivés. Malgré des progrés significatifs, il arrive
encore que des moteurs congus -tables se révelent
instables lors des premiers essais. Les outils de conception
ne présentent donc pas encore le mveau de fiabilité requis
par les industriels et des progres restent nécessaires tant
dans la compréhension des phénomeénes que dans la mise
au point d’outils améliorés de conception.

Cette conférence vise un bilan objectif de
Pétat des connaissances et des moyens, ainsi que la mise
en évidence des phénomenes les plus critiques et des aves
de recherche prioritaires. La premidre partie rap les
notions générales sur les instabilités de combust: '
moteurs a propergol solide et tente de dégager les lin es
des approches les plus utilisées. La seconde partie met en
relief les progres intervenus dans les derniéres années sur
les phénoménes élémentaires mis en jeu en cours
d'instabilité. La troisi¢éme partie illustre, en continuité
avec ce qui précede, les travaux de FONERA sur tross
iypes d’instabilité de complexité croissante : instabilité en
volume, instabilit¢ lungitudinale d’'un moteur sans tuyere
en description monodimensionnelle semi-analytique,
instabilité longitudinale radiale d’'un moteur en description
bidimensionnelle numérique,

1. INTRODUCTION

La plupart des systémes propulsifs présentent une
tendance 3 des comportements instationnaires imprévus
lors de leur conception. Un point de fonctionnement
stationnaire, caractérisé par une consommation du
combustible (ou du propergol) et par une poussée, ou
Pévolution lente des grandeurs propulsives dans le cas
d’un moteur 2 propergol solide, est généralement visé iors
de la conception, alors qu'un fonctionnement organisé de
fagon oscillatoire se manifeste parfois fors des essais. Le
nom générique dinstabilité de combustion” est donné a
ce type de fonctionnement oscillatoire,

Une revue trds complte des insiabilités dans les
systemes & combustible ou propergol liquide -chambres de
post-combustion Ge turboréacteur, stacoréacteurs, moteurs
fusées A ergols liquides- a récemment été réalisée par
FE.C. Culick lors d'une conférence AGARD (réf. 1),
Cette revue dégage trés clairement la démarche suivie au
cours des années pour parvenir 2 comprendre la physique
qui contrdle les instabilités de combustion et le formidable
défi scientifique que représente leur complete maitrise.
Ces mémes caractéres sont retrouvés dans les ouvrages de
référence qui jalonnent I'histoire des moteurs 2 propergol
solide et qui font une place importante aux instabilités de
combustion (réf. 2 2 4). Tous les moteurs-fusées chimiques

impliquent la transformation de P'énergie stockée dans les
liaisons des molécules en énergie mécanique pour créer
Peffet propulsif direct. Cette transformation se produit
pour des débits élevés de propergol, dans de trés faibles
volumes, elle correspond 2 une puissance énorme ; il nest
pas surprenant qu'une trés faible fraction de cette
puissance puisse étre utilisée au cours du processus de
transformation pour déclencher et eatretenir des
phénomenes oscillatoires. Le réle actif des mécanismes de
combustion dans Pinstabilité a été trés tOt reconnu, tant
dans les moteurs 2 ergols liquides que dans les moteurs 2
propergol solide. Toutefois il est manifeste qu'un mode
d’instabilité est toujours dépendant de son environnement
et spécialement de la géométrie du moteur. Aussi serait-
il plus justifié de parler d'instabilité de fonctionnement, de
systéme ou de moteur que d'instabilité de combustion. Le
terme d'instabilité de combustion sera toutefois conservé
ici en raison de sa large diffusion.

Lapparition d’instabilités de combustion au cours
de la phase de développement d’'un moteur 2 propergol
solide constitue toujours un probléme sérieux par ses
conséquences directes et indirectes. Les conséquences
directes sont soit internes, soit externes, Du point de vue
du fonctionnement propre du moteur, une instabilité de
combustion peut accroitre la consommation des
protections thermiques internes et dans les cas les plus
sévéres (mode acoustique tangentiel) induire une dérive
des grandeurs stationnaires, Une instabilité se traduit
également par une oscillation de la poussée, I'ensemble du
moteur rentre er vibration et les niveaux vibratoires
peuvent dépasser le seuil de tolérance de certains
équipements ou méme de la charge utle. Les
conséquences indirectes se mesurent en termes de temps
et d'argent car, pour éliminer ou atténuer les instabilités,
il faut modifier généralement Parchitecture du chargement
et/ou son propergol puis reprendre les essais. Il est donc
justfié de considérer que les instabilités de combustion
constituent une maladie endémique des moteurs 2
propergol solide qu'il convient de prévoir et
éventuellement de guérir, Chaque industriel posséde une
expérience et des régles de Vart qui le guident dans la
conception d'un nouveau moteur. Toutefois cette
connaissance empirique s’avére limitée lorsqu’apparaissent
de nouvelles architectures ; la recherche conjointe d’une
fiabilité accrue et d'une diminution des colts de
développement rend en outre nécessaire une démarche
plus théorique et plus quantifiée. Cette démarche
scientifique passe nécessairement par la compréhension
détaillée des mécanismes mis en jeu au cours d'une
instabilité et débouchc sur la mise au point d’outils
analytiques ou numériques de conception.

Malgré Pampleur des efforts menés sur le
probléme des instabilités de combustion depuis plus de
quarante ans, I'état actuel des connaissances et des outils
n'est pas 2 la mesure des ambitions industrielles et des
enjeux économiques et la maltrise des instabilités continue
2 &tre considérée comme un point-clef de la technologie
des moteurs-fusées a propergo} solide des années 90
(réf. 5). 11 n'est guere possible de présenrer une liste
exhaustive des motcuts Gui ont wonnu dey instabiiités de
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combustion dans les différents pays. On peut toutefois
signaler que certains moteurs de grandes dimensions,
affectés par des instabilités longitudinales de niveau
modéré, sont parvenus sans modification au stade
opérationnel ; c’est en particulier le cas pour plusieurs
moteurs segmentés pour lanceurs spatiaux, prédits stables
lors de leur conception et observés instables lors des
essais,

L'état de l'art de l'analyse des instabilités de
combustion doit beaucoup aux Etats-Unis. Cest en
particulier dans ce pays que sont apparus, peu aprés la
deuxitme guerre mondiale, les premiers travaux
fondamentaux et qu'ont ét€ mis au point les outils
prédictifs, tels que le bilan acoustique et ses variantes,
aujourd’hui universellement utilisés. L’avance des Etats-
Unis doit certainement beaucoup au dialogue organisé
entre les équipes scientifiques de haut niveau des
Universités et celles des Centres des Forces Armées (Air
Force, Navy) et des Industriels. La France, qui posséde
une longue tradition dans la propulsion par propezigol
solide, a été confrontée 2 des probldmes d’instabilité dans
le cadre de ses programmes de missiles. Les premiers
travaux de PONERA ont ét¢ initiés vers les années 1960
par M. Barrere et se poursuivent actuellement ; en 1983,
de nouvelles études ont démarré pour le CNES, dans le
cadre du développement du Moteur 3 Propergol Solide du
lanceur européen Ariane 5. On trouvera en référence 6
une synthése des travaux de FONERA réalisés jusqu’en
1979 et en référence 7 le point de vue de la SNPE. La
compétence des autres pays ne peut étre appréciée qu'a
partir de la littérature ouverte et des échanges hilatéraux,
elle est trés liée aux programmes militaires et civils
nationaux. La rapide synthese qui suit sera limitée aux
pays participant 3 'AGARD ; l'impression qui s'en dégage
est I'existence de centres de compétence orientés vers la
résolution de problemes spécifiques soit au niveau
appliqué, soit au niveau fondamental. La Grande
Bretagne, dont les travaux sur les instabilités tangenticlles
faisaient autorité dans le passé (réf. 8), parait avoir
concentré ses efforts dans la formulation des propergols
solides. Le Canada semble maintenir une grande
expérience pratique sur les instabilités longitudinales
présentant un caractére non linéaire, c’est-a-dire associées
A des amplitudes élevées de pression ou 2 des fronts
raides (réf. 9). L'Italie poursuit des travaux fondamentaux
sur les mécanismes instationnaires de combustion (réf.10)
et est trds présente par la firme BPD dans les
programmes spatiaux européens, Les Pays Bas ont
particuli¢rement publié sur les instabilités en volume
(réf. 11).

Si les recherches sur les instabilités de combustion
gardent une certaine vigueur, notamment aux Etats Unis,
on peut s'interroger sur 'adéquation des moyens engagés
2 la complexité du probléme. Plusieurs remarques peuvent
étre proposées sur ce point. La premitre est que le
probléme des instabilités ne redevient souvent prioritaire
pour les décideurs qu’en période de crise, ce qui n'est pas
forcément choquant mais restreint Pampleur des travaux
qui permettraient justement de faire face 3 une situation
d'urgence. La scconde remarque cst li€e au fait que le
progrés ne peut résulter que d'investissements assez lourds
sur les plans théorique, numérique et expérimental et que
ce progrés est lent, ce qui conduit & étaler les programmes
de recherches. Un bon équilibre doit étre trouvé entre
une description détaillée des phénomenes physiques, suivi
de leur traitement sans biais, et I'acquisition des données
d’entrée indispensables. On notera également qu'il existe
un couplage étroit entre les moyens d'essais chargés de
fournir les données d’entrée et les outils de simulation 2
caractére prédictif puisque les m&mes descriptions
théoriques sont utilisées soit en mode direct (prévision)
soit en mode inverse (exploitation des essais); ce
coupiage ast particuiiérement net pour tout e yui touche

la combustion instationnaire.

Les considérations générales qui précddent visaient
A resituer le probléme des instabilités de combustion dans
un contexte général. Le choix volontairement fait pour la
suite de lexposé a été de privilégier la description
physique, au détriment des développements
mathématiques, et d'assurer la liaison entre les
considérations théoriques et les observations. On trcuvera
donc successivement

- dans le chapitre 2, un rappe! des bases de l'ansl;se des
instabilités de combustion,

- dans le chapitre 3, une synthese des progrés réalisés sur
la compréhension des phénomeénes ¢' ¢mentaires,

- dans le chapitr: 4, I'illustration de quelques travaux
récents de 'ONFRA,

La combustion instationnaire du propergol solide,
faisant 'objet d’une autre conférence, ne sera traitée que
succintement.

2. NOTIONS GENERALES SUR LES INSTABILITES DE
COMBUSTION DES MOTEURS A PROPERGOL
SOLIDE

L’examen des récents développements de I'analyse
des instabilités de combustion (chapitre 3) nécessite le
rappel d'un certain nombre de connaissances et
d’observations élémentaires. Ce rappel synthétique
s'efforcera de dégager les problemes les plus importants,
dans une togique chronologique. Un parallle sera fait en
particulier entre les différents objectifs de I'analyse des
instabilités de combustion et les différentes appruches
théoriques qui leur correspondent, ainsi qu’entre les
observations et les prévisions théoriques.

2.1. Démarche

Telle que perque par Pexpénmentateur, toute
instabilité de combustion posséde ses caractéristiques
propres : les phénomenes sont organisés sur une
fré,uence fondamentale, avec une amplitude pouvant
éventuellement lentement varier dans le temps, un
contenu fréquentiel 1ié 2 la forme des signaux observés,
ete... Certaines instabilités de combustion possédant des
caractéristiques similaires sont réputées appartenir 2 une
méme famiile de modes d'instabilité.

 La détermination des modes dinstabilité suit ure
logique qui rappelle les observations et qui procéde selon
les étapes suivantes

- recherche des fréquences des modes d'instabilités
susceptibles de se manifester naturellement au cours du
fonctionnement ou modes potentiels,

- recherche de la stabilité de chaque mode potentiel cest-
a-dire de sa faculté 2 apparaitre réellement ou non,

- recherche, pour les modes identifiés comme instables,
Q’ur}c éventuellc stabilisation de Pamplitude (cycle
limite) et d'une évolution des grandeurs moyennes,

-recherche de la stabilité du moteur aprés une
perturbation de grande amplitude et en cas d'instabilité
déclenchée, recherche du cycle limite.

On peut donc distinguer deux types de stabilité que

Dous nommerons, en référence A I'usage pour les moteurs

?ferg;xls liquides, stabilité statique et stabilité dynamique
ig.1).
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Fiqure 1 - Types de stabilité / instabiité

2.1.1. Stabilité statique

La stabilité statique s'intéresse & la naissance
spontanée et au développement initial de V'instabilité, elle
est donc caractérisée par de trés faibi » amplitudes des
oscillations autour du régime permanent initial. Le fait de
constdérer de tras faibles amplitudes a une répercussion
immédiate sur Yanalyse théorique de la stabilité
puisqu’elie conduit 2 décomposer  toute ;Erandeur fen
une composante stationnaire ou moyenne, ¥, qui est celle
définie par le régime permanent, et une perturbation £,
caractéristique de l'instabilité et donc instationnaire =

HGHPRIGE XN (2.1)
o |F/FI| =<4

A cette hypothése de base correspond 1a possibilité
de linéariser les équations décrivant le probléme qui sont
principalement de nature aérothermochimique et done
fortement non-linéaires. Cette linéarisation conduit & ne
retenir dans les produits de grandeur que les termes du
premier ordre pour les perturbations, c’est-2-dire a écrire

fg = $§+F§+¥’3' (22)
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La linéarisation autorise de nombreux
développements mathématiques et en particulier :

- elle permet de considérer tout phénomeéne comme la
superposition d’un phénomeéne stationnaire et d’un
phénomene instationnaire ; le phénomene stationnaire
peut étre traité indépendamment du phénomene
instationnaire mais le phénomane instationnaire dépend
en principe du phénomene stationnaire,

- dans le phénomene instationnaire global peuvent étre
mises en évidence les contributions additives de
phénomenes instationnaires éiémentaires.

La naissance proprement dite de Pinstabilité nest
pas dans ce cadre un probléme important car un moteur
a propergol solide comporte de multiples possibilités de
destabilisation de trés faible amplitude = bruits de la
combustion et de I'écoulement, détzchement accidentel
d'un petit morceau de propergol ou de protection
thermique, obstruction partielle et momentanée de la
tuyere due au passage d’un élément de Fallumeur...

Une perturbation initiale va donner naissance 4
des ondes propagatives dans I'écoulement qui vont se
réfléchir sur la surface de combustion, les parois du
propulseur et la tuyére, se composer pour finalement
s'organiser sous forme d’onde stationnaire. A ce régime
stationnaire, au sens de Pacoustique, correspond la
possibilit4 de séparer les variables spatiales et temporelle
sous la forme complexe =

P = Fm e e @3)

F@Pest 'amplitude complexe qui dépend de la position
considérée, o = 2T+ est la pulsation et « est
amplification temporelle.

Le probléme mathématique se réduit donc de la
recherche de la solution d'un systtme d’équations
différentielles sur ¥ et +, 2 la résolution d’un systéme
d’équ ations différenuielles sur et 2 la détermination de
va'e s propres complexes w-ex.

L’analyse linéaire ne permet donc pas de prévoir
I'amplitude absolue de Pinstabilit¢ mais sa tendance a
diverger ou au contraire 3 samortir, par I'intermédiaire de
, sa fréquence et la répartition relative des amplitudes.

Un mode linéairc sera dit stable si &< 0, instable
si> 0. Le mode sera considéré comme marginalement
stable si ¢ est autour de zéro ; la SNPE utilise plutdt la
terminologie "mode 2 risque” si «

~opFecxt <+t F (24) (6. 7)
Lorsque I'amplitude d’un mode linéaire atteint un
certain niveau, 'analyse linéaire devient insuffisante et ce
sont les méthodes signalées pour la stabilité dynamique
qu'il convient d'utiliser. La transition entre linéaire et non-
linéaire ne peut étre rigoureusement définie ; expérimen-
talement elle se manifeste par un changement de 'amplifi-
cation dans le temps et une divergence de la forme des
signaux oscillatoires par rapport 2 la sinusoide pure.

2.1.2. Stabilité dynanugque

La stabilité dynamique vise le comportement
asymptotique du moteur 2 la suite d’'une déstabilisation
provoquée mettant en jeu des amplitudes élevées. Le
comportement du moteur au cours du temps ne peut plus
se résumer 2 une fréquence complexe et ceci pour deux
raisons »
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- la déstabilisation est rarement harmonique et la
fréquence fondamentale peut varier au fur et 4 mesure
de Porganisation de I'instabilité non-linéaire,

- les signaux de fortes amplitudes présentent généralement
un fort contenu fréquentiel et peuvent méme dégénérer
en fronts raides ou en ondes de choc.

A cette complexité s'ajoute la possibilité des
grandeurs stationnaires de s'écarter notablement des
valeurs du régime permanent, la notion de stationnaire
recouvrant alors celle de moyenne temporelle sur un
nombre entier de périodes.

Les méthodes linéaires sont en défaut dans le cas
de I'instabilité dynamique mais on peut leur donner un
prolongement par des développements dépassant le
premier ordre des perturbations. On peut auss: recourir 4
lintégration numérique des équations aux dérivées
partielles.

11 n’est pas possible d’opposer stabilité statique et
stabilité dynamique qui représentent au contraire deux
aspects d'nn méme phénomene général. Un moteur peut
s’avérer stable statiquement et instable dynamiquement en
pratique. La figure 2 est classique et illustre un tel type de
situation conduisant 2 un cycle limite c'est-d-dire 2 la
stabilisation des amplitudes par des effets non-linéaires.
De maniére schématique, la dérivée temporelle d’'une
amplitude caractéristique £ d’un mode simple est portée
en fonction de €. La portion AA’ de 1a cnurbe tracée peut
étre décrite par

Je _
Sf = ke (2.5
ou & = Caxp(kl) (2.6)

elle décrit donc bien une instabihté _néaire.

deh
dt
amphfication hngarre
/
/
amplification amortissement
non - néaire | non - inéaire _
/
/
/
/
/ ,
/ /
/ /
/
, /
I /
! -
AN B8 c €
cycle
imite

Figure 2 - Comportement schématique d'un mode simple
en fonction de ramplitude

En raison des non-linéarités dans les mécanismes
d’entretien ou d’amortissement de I'instabilité, la courbe
est supposée prendre une courbure négative de A’ A B
puis positive de B 4 C. Toute situation de départ comprise
entre A et C conduit au point B ott 'amplitude restera

constante et qui correspond 2 un cycle limite accessible
soit par instabilité spontanée, linéaire puis non-linéaire,
soit par une déstabilisation importante suivie d'un amortis-
sement non-linéaire. Le point C ne reproduit aucune
situation stabilisée puisqu’on tend toujours 4 s’en écarter.
11 est bien entendu possible d’envisager, selon la méme
approche, des formes de courbe qui traduiratent un
amortissement linéaire joint 3 un comportement non-
linéaire conduisant ou non 3 un cycle limite.

2.1.3. Remarque sur les échelles de temps

Les moteurs 3 propergol solide possedent la
particularité d’étre des moteurs A géométrie variable
puisque le volume occupé par les produits de combustion
croit avec la régression de la surface de combustion. On
pourrait donc supposer que le fonctionnement est toujours
instationnaire. En réalité, quelques considérations d’ordres
de grandeur permettent de simplifier le probléme

- le temps de fonctionnement est généralement supérieur
de trois ordres de grandeur 2 la période de Pinstabilité,

-la vitesse de régression de la surface (vitesse de
combustion du propergol) est généralement inférieure de
trois ordres de grandeur 2 la vitesse des produits de
combustion émis de la surface.

1l est donc légitime, pour P'analyse des instabilités,
de considérer fixe la géométrie du chargement, débitante
la surface de combustion et constantes les grandeurs
stationnaires (en régime linéaire). L'analyse des insta-
bilités doit &tre en conséquence répétée pour différents
temps de fonctionnement ou ditférentes épaiss.urs brilées
de propergol, ce qui pose des contraintes pratiques
limutant la sophistication des moyens de prévision d’usage
courant.

2.14. Remarque sur les échelles d'espace

Le systéme de flammes au-dessus de la surface de
combustion d’un propergol solide posséde, dans les
conditions normales de fonctionnement, une hauteur
inférieure au 1 mm et donc généralement trés inférieure
A une dimension caractéristique du moteur. Vis-a-vis de
'nstabilité qui intéresse tout le volume de la cavité, la
tentation est grande de considérer que le phénoméne
d'ensemble comme un phénomene de champ essentiel-
lement aérodynamique soumis & des conditions limites
pilotées par la combustion. Cette vision améne 2 repré-
senter, en premiére approximation, une instabilité par une
boucle fermée, au sens des automaticiens (fig. 3). L'appa-
rition de phénomenes instationnaires dans 'écoulenient de
cavité modifie la vitesse de combustion du propergol, le
changement de vitesse de combustion réagit & son tour sur
Péconlement instationnaire et, pourvu que les gains et les
déphasages soient adaptés, la boucle est instable.

Combustion du
propergol
(condition hmite)

Aérodynamique
nstato
{champ)

Figure 3 - Boucle dinstabilté
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Cette décomposition posséde I'avantage de la
simplicité et de la séparation des disciplines scientifiques.
Elle se¢ trouve cependant en défaut sur au moins deux
points :

-si le propergol poss¢de une charge métallique, la
combustion de cette charge se produit plutdt en volume
qu'en surface. Pour I'aluminium par exemple et certains
moteurs, le probldme est souvent évoqué de savoir, dans
les premiers instants du fonctionnement, si tout Palu-
minium a br0lé avant son &jection par la tuyere. La
question de Finfluence de la combustion distribuée de
'aluminium se pose également pour la stabilité,

- certains phénomenes de couplage entre &coulement et
combustion ne permettent pas une séparation aussi
tranchée. C'est le cas de la combustion érosive en
stationnaire et du couplage-vitesse en instationnaire,

2.2, Description théorique des instabilités de combusti

La description théorique des instabilités de
combustion n'est pas indépendante de la nature des
mesures qui peuvent &tre réalisées sur moteur, Le milieu
A étudier est particulidrement hostile + pression élevée,
température des produits de combustion dépassant
couramment 3000 K, phases condensées (propergols
métallisés), géoméirie évoluant au cours du temps,
expérimentation requérant des installations spécialisées
pour des raisons de sécurité, etc.. L'instrumentation
classique est donc limitée A la mesure de pressions
statiques sur la paroi du propulseur, elle permet d’accéder
aux fréquences, aux amplitudes et aux déphasages de
pression. Il n'est pas par contre possible de mesurer
simplement d’autres grandeurs de champ telles que la
vitesse. Cette limitation de I'instrumentation sur moteur
A deux conséquences

- elle tend a privilégier le réle de la pression dans la
comparaison théorie-expérience bien que cette grandeur
n’apparaisse pas a posteriori la plus significative ; I'étude
des phénomenes d’interaction entre champs stationnaire
et instationnaire montre en particulier qu’un champ de
pression instatiotnaire proche du champ acoustique
élémentaire peut &tre associé A un champ de vitesse
instationnaire trs éloigné du champ acoustique associé
(paragraphe 3.1.1),

- elle contraint 3 une démarche intellectuelle spéculative
pour la compréhension fine des phénomenes de champ.

Il existe, pour les objectifs de recherche, des
possibilités en nombre limité d’accds 2 d’autres grandeurs
physiques. La premiere voie est celle de la simulation
gazeuse et intéresse uniquement les phénomenes d'origine
aérodynamique ; elle consiste A reproduire I'écoulement
dans la cavité du moteur par Finjection au travers June
paroi poreuse. Cette technique, utilisée par de nombreux
chercheurs pour P'étude de I'écoulement stationnaire, a
également donné lieu 2 quelques travaux visant les
phénomanes aérodynamiques instationnaires (réf. 12 et
13). Les résuitats obtenus sont précieux d’'un point de vue
qualitatif, peut étre un peu plus limités d’un point de vue
quantitatif en raison de certaines limitations de similitude
entre écoulements réel et simulé, de mesure et de repré-
sentativité de la surface poreuse par rapport 2 la surface
de combustion du propergol, Une autre voie de recherche,
assez peu suivie, est la visualisation de Pécoulement sur
une chambre 2 parois transparentes, La figure 4 illustre un
résultat déja ancien obtenu 3 'ONERA sur un petit
montage équipé d’'un chargement 2 encoches (réf. 14), Le
film montre I'existence de lignes sombres et instables émis
des angles du chargement, laissant supposer Vexistence
d'instabilités hydrodynamiques. Les inforinations recueil-
lies par cette technique sont uniquement qualitatives et
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sujettes 2 caution puisque la visualisation favorise 'obser-
vation des phénomenes se produisant prés du hublot.

% Ll ttzzzzz

N i, I %
)

N
~ —~—
Figure 4 - Visualisation sur chambre a voyants

2.2.1. Classement des modes d'instabilités

A une fréquence d'instabilité correspond direc-
tement une longueur d’onde donnée par :

A=g @7

o) a est la célérité du son dans les produits de
combustion. La comparaison de A et d'une dimension
caractéristique L du moteur permet de faire apparaitre
deux types de mode d'instabilité :

-si A est trés supérieur & L et si I'écoulement station-
naire dans la cavité est A faible nombre de Mach, le
mode d'instabilité est un mode en volume,

- si A est de i'ordre de L ou inférieur, le mode est réputé
acoustique c’est-d-dire organisé, conformément aux
mesures de pression, au voisinage d’'un mode acoustique
de cavité,

Un mode de volume se manifeste par des oscil-
lations de pression qui ont méme amplitude et méme
phase en chaque point de la cavité alors qu'un mode
acoustique fait apparaitre une structure de mode caracté-
risée par une répartitin des amplitudes et des phases.

La classification des modes acoustiques d’instabilité
suit celle des modes acoustiques de cavité. Au champ de
pression acoustique de cavité est associé un champ de
vitesse acoustique et suivant les composantes de vitesse
acoustique on distingue des modes :

- longitudinaux : si la vitesse acoustique ne poss¢de qu'une
composante suivant Paxe du moteur,

- radiaux : si la vitesse acoustique est dans un plan
perpendiculaire 2 Paxe du moteur et intercepte cet axe,

- tangentiels : si la vitesse acoustique est dans un plan
perpendiculaire 3 I'axe du moteur sans composante
radiale,

- couplés ¢ si la vitesse acoustique posséde plusieurs
composantes.

L'existence de modes acoustiques purs, c'est-2-dire
2 une seule composante de vitesse acoustique, n'est
possible que dans une cavité cylindrique. Pour des
géométries de cavité plus complexes et plus réalistes, les
modes atoustiques sont toujours des modes couplés.
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R 1a dlassification des mod .

La classification traditionnelle des modes acous-
tiques d’instabilité est une double-source de confusion.

La premitre confusion consiste & assimiler mode
acoustique d'instabilité et mode acoustique de cavité alors
que la dénomination acoustique ne traduit qu'une proxi-
mité, En fait, dans une cavité cylindrique, il peut exister
des modes longitudinaux de cavité mais les modes d’insta-
bilité correspondants impliqueront des mouvements a Ia
fois longitudinaux et radiaux (paragraphe 3.1.1,).

L’autre confusion porte sur Ja description du mode
d’un point de vue physique et la fagon dont sont traitées
les équations, de maniére plus ou moins simplifiée, et bien
qu'il existe certaines correspondances. L'espace physique
comporte trois dimensions ct les équations locales de base
sont décrites suivant une dimension de temps et les trois
dimensions d'espace. Les réductions des équations
générales peuvent dtre établies «

- par intégration sur le volume complet de la cavité : des
équations différentielles ordinaires sur le temps, dites
zérouimensionnelles (0D), sont obtenues ; ce sont
typiquement celles utilisées pour décrire les modes de
volume,

- par intégration sur la section perpendiculaire A I'axe de
la cavité : des équations dépendant du temps et de
Pabscisse, pour des grandeurs moyennes sur une section
sont obtenues. On parle alors d’écoulement par tranches
ou de résolution par équations monodimensionnelies
(1D). Cette approche est souvent utilisée pour la
description des instabilités dans un moteur dont le canal
est cylindrique. De nombreux probleémes théoriques
trouvent leur origine dans le traitement 1D des insta-
bilités car Ja moyenne réalisée sur une section gomme
tous les phénomenes se développant radialement.

Il faut donc en définitive qualifier les modes
d'instabilités par les adjectifs acoustiques & partir de la
prédominance du mouvement instationnaire dans une ou
plusieurs directions, prédominance par ailleurs présup-
posée ou établic & partir de la fréquence observée. Les
dénominations établies dans cet esprit se retrouvent sur la
figure 5 qui donnent quelques modes d'instabilité
fréquemment rencontrés.

2.22. Analyse linéajre de ]a stabilité

L’analyse linéaire de la stabilité commence par la
détermination des modes potentiels d'instabilité, Cette
détermination n’est pas possible pour les modes de
volume indépendamment de la réponse instationnaire du
propergol (paragraphe 4.1.1.). On envisagera donc ici le
seul cas des modes acoustiques d'instabilité ; pour ceux-
ci il s'avére réaliste de calculer une premiére appro-
ximation des fréquences par les modes acoustiques de la
cavité constituée par la surface de combustion, les parois
du propulseur et une surface de fermeture dans ia tuyére.
Le calcul s'effectue classiquement avec les hypothéses
suivantes :

- parois rigides,
- vitesse du son uniforme,
- propagation dans un milieu au repos.

Les équations dérivent directement par linéari-
sation des équations plus générales de la mécanique des
fluides. Le probléme acoustique se ramene 2 I'équation
d'Helmoltz :

- Lo e
‘wuw.ﬂ‘;ﬂ-.,\fsw.« b3

Cawité axisymétnque mode longitudinat - .. dial

Figure 5 - Quelques modes d'mstabilité acoustique simples

AP + %‘y Py =0 dans la cavité(2 5
3 = sur la surface
ol @ apparait comme valeur propre.

Des solutions analytiques peuvent &tre obtenues
pour des cavités de géométries trds simples (cylindre
circulaire, parallélépipdde) ; pour des cavités plus
complexes, il faut recourir au calcul numérique, par
exemple aux éléments finis (fig.6). On notera que le
probl2me mathématique peut &tre posé sous forme
adimensionnée et que des pulsations réduites sont alors
calculées :

R= anb 29)
<

Cette propriété est utilisée pour déterminer
expérimentalement les fréquences de cavité par l'intermé-
diaire d’une maquette rigide reproduisant le moteur 3 un
instant de son fonctionnement ¢t soumise & une excitation
forcée, par exemple par Pintermédiaire d’un haut-parleur.
Un mode de cavité est mis en évidence par un maximum
de I'amplitude du signal d'un microphone ou d’un capteur
de pression lorsque la fréquence varie, Calcul numérique
et méthode expérimentale donnent des résultats en bon
accord, C'est-d-dire une suite discrite théoriquement
infinie de fréquences et de modes acoustiques de cavité,
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Equation d'Helmholiz

Soluton numénque

Fréyuences, répartitions d amphtude

Figure 6 - Détermination des modes de cavité

L'approximation des fréquences d'instabilité
potentielle par les fréquences acoustiques de cavité est
souvent excellente. Elle pose toutefois quelques problémes
spécifiques souvent passés sous silence et qui sont direc-
tement liés aux hypothéses de départ =

- choix de la surface de fermeture dans la tuydre : la
théorie impose de choisir cette surface dans une zone ol
le nombre de Mach moyen reste trés inférieur A 1. Si la
tuydre est intégrée, le nombre de Mach 2 I'entrée de la
tuyére est proche de 0,3 et il est conseillé de choisir le
plan de fermeture dans la section d'entrce de la tuyere
(voir aussi paragraphe 3.1.3.1.),

- parois rigides : les ondes mécaniques se traismettent
également dans le chargement et il faut envisager la
possibilité de vibrations acousto-élastiques, Cette possi-
bilité a été prouvée théoriquement dans différents cas en
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considérant un chargement élastique. Cependant le
couplage acoustico-élastique ne se produit que dans des
circonstances exceptionnelles et le propergol posséde
plutét un comportement visco-élastique qu’élastique. On
peut donc penser quun couplage reste, Jans les
conditions normales d'utilisation, peu probable et
compte-tenu de la dissipation visco-élastique du
propergol, peu propice 2 V'entretien des instabilités. Des
expériences comparatives réalisées sur maquettes rigides
et souples, en matériau polymere, n’ont pas en outre mis
en évidence d’écarts significatifs de fréquence,
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- vitesse du son uniforme : cette hypothdse peut &tre
remise en question si la charge métallique du propergol
brile dans une fraction notable du volume de la cavité.
Par chance, la célérité du son dans les produits de
combustion de la matrice du propergol (composants du
propergol 2 I'exception de la charge métallique) reste,
par le jeu des masses molaires, voisine de la célérité
du son dans les produits de combustion du propergol
complet. Linfluence des hétérogénéités de la c&lérité du
son sur les fréquences n’est donc pas importante pour la
majorité des moteurs. Le seul contre-exemple A signaler
est celui d’'un montage d’étude possédant un volume
mort au fond avant dont la température ne s’équilibrait
pas avec celle des produits de combustion,
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- milieu au repos : cette hypoth&se est raisonnable pour
les moteurs classiques, notamment aprés le début du
fonctionnement, Elle est par contre en défaut dans le cas
du moteur sans tuydre puisque I'écoulement dans le
canal du chargement atteint le supersonique
(paragraphe 4.2).

Les modes potentiels d'instabilité étant déterminés
par leurs fréquences, il s'agit maintenant d’étudier la
stabilité linéaire de chacun d’entre eux. La méthode la
plus utilisée est celle du bilan acoustique, mise sous une
forme achevée par F.E.C. Culick, d'abord pour uae
description monodimensionnelle de 'écoulement (réf. 15)
puis pour une description multidimensionnelle (réf. 16).
Comme cette méthode est maintenant bien connue, seule
la démarche sera rappelée ¢t commentée.

Les équations de continuité, dc quantité de
mouvement et d’énergie sont d’abord écrites pour la phase
gazeuse et la phase condensée, assimilée 2 un milieu
continu en interaction avec la phase gazeuse et
échangeant quantité de mouvement et énergie (trainée des '
particules et transfert thermique entre gaz et particules). .
Aprés quelques transformations, il vient »

o v . Tp = O T
gg*(#mu)?v:f-.ﬁ’% gv" Qp

L4
—r — 2-10
ng_:gr+ﬁnﬁ'.Vﬂ'..-Vp=3'F, @10)

ol p est la pression,
r. et Cv, sont 1a constante du gaz équivalent et sa
chaleur massique A volume constant,
o est Ia vitesse du gaz,
« st la masse volumique du mélange,
&Fp est la force de trainée exercée par le gaz sur
les particules par unité de volume,
3y est la puissance thermique transmise du gaz
aux particules par unité de volume.

La linéarisation des &quations n’est possible qu'en
utilisant deux paramétres de perturbations : & pour
Pamplitude des oscillations et M nombre de Mach de
Pécoulement stationnaire du gaz équivalent. Le_champ
stationnaire n'est décrit qu'au premier ordre de M. Une

équation d'onde est établie pour la perturbation p* de
pression, puis supposant un phénoméne stationnaire
organisé sur la fréquence complexe & = 2Wf-ix on
parvient & »
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AR+ 8h dans la cavité,
PraaP " @11)
%5 -5 sur la surface,
n
o h= ‘Lg." 5.8 -i(‘t—l)ﬂa‘xﬁ, +TE
-66.(5'.35»3.33) (2.12)

F = cwpR -mofpr@05.3.92)

Cette équation et sa condition limite peuvent étre
rapprochées de celles décrivant le phénoméne acoustique
de cavité (2.8). Une combinaison des équations (2.8) et
(2.11) suivie d’une intégration sur le volume V de la
cavité de surface S, conduit, aprés quelques simplifica-
tions résultant des ordres de grandeur, 3 Iexpression
directe de & par =

atof gt | con{(A+M) Brde
a* N a Jg
- _( S?},.Vﬁdﬂ'-é(’dﬂ):’:jzarsnd‘" , (213)
v v
on: E: - s: dvr,
v .
A est l'admittance de surface pa %=,
M est le Mach d'injection ou de succion en

surface.

11 est important de signaler la simplification

Ted, =L T3, (2.14)
Feu
Cette simplification _annule les produits

(ol WE et (TuB)nT ). Fpu, issus du développe-
ment et de la lin€arisation du terme .92 des équations
(2.10) et (2.12), et fait donc disparaitre toute trace de
vorticité des écoulements !

La séparation des parties réelle et imaginaire de

(2.13) conduit a I'expression de F'amplification « sous
forme additive, pourvu que K<<

O w O+ Oy + Oy (2.15)

oy = S g(A;tj»,ﬁ,) Bida , (216)
LES

terme li¢ A la réponse du propergol au couplage
pression,

& = \~
““"EQE?S,(,A"M')N“’ @1

terme correspondant au rayonnement et A la
convection des ondes acoustiques dans la tuy?re,

3 at 5B T e
™= e Er @ P
= (&)
<y (R, @9
terme dépendant des échanges entre phases.

oi

D’autres termes sont souvent introduits en supplément.
Les plus classiques sont le terme lié an couplage-vitesse et
le terme de "Flow Turning” qui représente P'énergie
acoustique dissipée par I'écoulement &mis de 1a surface de
combustion pour acquérir la vitesse acoustique locale.

Le terme de "Flow Turning” du bilan acoustique
est dégagé rationnellement des équations monodimension-
nelles et est directement lié au choix de la composante
longitudinale u] de vitesse des produits émis par la surface
de combustion ; il s'exprime proportionnellement 2

l'intégrale :

t
~as
L,w z%ﬂ S. <y (2.19) (réf. 16)

od_Z est li€ 2 Ty en écoulement rionophasique.

La méthode du bilan acoustique conduit 2 utiliser
la relation acoustique (2.14) et donne donc une intégrale
ol apparait le carré du gradient de pression acoustique et
correspondant  une perte acoustique.

PDextension au tridimensionnel propusée par
F.E.C. Culik (réf. 16) est fondée sur la prise en compte de
P'incidence des ondes acoustiques vis-2-vis de la surface de
combustion, ce qui n’est pas sans poser un probléme de
définition dans le cas d’un mode acoustique stationnaire.
Le probléme du "Flow Turning” a également £té examiné
en détail par W.K. Van Moorhem (réf. 17) qui aboutit 2
des interrogations d'ordres physique et mathématique.

Les remarques suivantes peuvent &tre avancées :

= 1a notion de "Flow Turning" tente de décrire globalement
et de manidre approchée I'adaptation du champ insta-
stionnaire prés de la surface de combustion au champ
acoustique de cavité, que ce soit en description monodi-
mensionnelle ou tridimensionnelle,

-la démarche mathématique contraint 2 utiliser une
relation acoustique qui suppose le champ instationnaire
irrotationnel.

Tout le probldme du "Flow Turning” tient donc au
paradoxe qui est illustré par la figure 7 et qui est
intimement li€ A la représentation du mode d’instabilité
par un mode acoustique pras de la surface de combustion.
Le mode acoustique est par nature irrotationnel et
correspond donc 2 une condition de glissement sur la
surface. La physique de la combustion impose quant 2 elle
que les preduits de combustion soient émis perpen-
diculairement 3 la surface de combustion, par simple
application du théoréme des quantités de mouvement. Il
doit donc exister une zone d'adaptation possédant un
caractere rotationnel ol la vitesse acoustique subit une
transition et qui fait passer le mouvement instationnaire
de normal 2 paraligle 2 la surface,

Mode de cavté irrotationnel

Mode d'instabilité . rotationnel

Figure 7 - Un mode acoustique de cavité donne t - il une .- nne
représentation du mode diinstabiiité prés de la surface
de combustion ? .
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Ce paradoxe est également lié a la définition
précise de la position de la surface de contrdle délimitant
le volume o est réalisé le bilan acoustique et sa réso-
lution donne lieu 4 deux approches (paragraphe 3,1.1.) :

- soit cette surface est définie a la frontiére extérieure de
la zone d’adaptation, ce qui suppose implicitement cette
zone suffisamment fine, et des conditions limites
modifi€es sont introduites sur cette surface = cest la
théorie de la couche limite acoustique,

- soit cette surface est définie immédiatement aprds la
zone de combustion et sur la frontidre intérieure de la
zone d’adaptation, ce qui' impose une description
rotationnelle du champ instationnaire.

2.23. Aualyse_non-linéaire de la stabilité

Lanalyse non-linéaire de la stabilité a donné lieu
depuis dix ans & de nombreux travaux qu'il est possible de
classer en deux catégories *

- les travaux se situant dans le prolongement direct du
bilan acoustique, utilisant une formulation analytique du
probléme et le recours ultime au calcul numérique,

- les travaux reposant sur le traitement numérique des
équations de la mécanique des fluides.

Ces travaux peuvent aussi &tre décomposés suivant
les objectifs. Certains d’entre eux visent plutdt & dégager
les phénomenes fondamentaux importants qui contrdlent
Pinstabilité non-linéaire = c’est par exemple le cas de la
méthode de 1"™Averaging” qui cxplique la saturation du
niveau d'une instabilité d’abord linéaire par un couplage
de modes. D'autres travaux s'intéressent en priorité 3 la
stabilité dynamique, par exemple ceux portant sur le
traitement numérique monodimensionnel. D'autres enfin
cherchent 2 concilier P'aspect fondamental et I'aspect
appliqué et sont illustrés par les exemples du paragraphe
4.3,

2.2.3.1. Prolongement du bilan acoustique

Le principe conceptuel des approches non-linéaires
dérivées du bi'an acoustique peut &tre résumé comme suit
(téf. 18) = le conplage de mods est le phénomene par
lequel des modes d’2mplitudes finies interagissent pour
produire un changement d’amplitude des modes isolés.
Lorsqu'un mode initialement linéaire croit en amplitude,
les effets non-lin€aires vont amener un transfert partiel de
son énergie vers d'autres modes, l'autorisant ainsi 3
évoluer vers une amplitude stabilisée (cycle limite).

La démarche mathématique a fait Pobjet de
nombreuses publications, notamment des chercheurs du
Caltech et de Penn State University (réf. 19 & 23). Elle ne
sera que rappelée ici.

Les grandeurs sont développées par une méthode
de perturbation du type
p= F; -0/“ Be (F) -nE'P’(r‘-', =),
T=u b8P vET'Fr), (220
pa B S B(P)SER(L)

ol s est un paramétre caractéristique de I'écoulement
stationnaire et £ un parameétre mesurant lamplitude des
oscillations. Par développement des équations de base,
}{ng équation d’onde est formée comme pour I'analyse
inéaire =

Lp- g{g'_g; -h’, (221)

od b’ est maintenant développé cu second ordre.

7-9

La solution de cette équation est exprimée par une
somme des modes acoustiques de cavité pondérés par des
fonctions du temps :

PG = B 2 A B
T e 2 2 LAmTaE)
Les fonctions ¢, (+) sont exprimées par =

T = AuPsinfagt) + Bu®oss(@,t)  (223)

et lintégration est réalisée sur une période du mode
fondamental, en supposant des variations "lentes" de A, et
B, dans le temps, pour donner des équations diffé-
rentielles ordinaires du type = -

22

dAy= 0 A + (termes quadrati , B
2'5'? s A+ B, + (termes quadratiques en A, (5)24)
:_%g-@uA“«q(ﬁﬁ (termes quadratiques en A,, B,)

Les solutions des équations différentietles non-
linéaires sont recherchées analytiquement ou numéri-
quement,

Les développements peuvent &tre poussés au
troisigme ordre des développements (réf. 21 et 22) mais
le troisiéme ordre ne semble affecter que Pamplitude du
cycle limite et le domaine de stabilité (réf. 21).

Cette méthode est intéressante parce ju'elle
permet de pousser assez loin les calculs analytiques et
d’en dominer parfaitement la signification. Les obser-
vations suivantes doivent cependant &tre faites :

- représentativité des modes d'instabilité linéaire par des
modes de cavité : ce point a déja été évoqué précé-
demment, la représentation n'est que partielle.

- développement aux ordres supérieurs des parametres de
perturbation = une hypothdse doit &tre faite sur les
ordres de grandeur comparés de et € pour conduire
rationnellement le calcul, ce qui conduit 2 restreindre la
portée des solutions obtenues.

- nombre de modes de cavité : les applications ne
retiennent en général qu'un nombre limité de modes
dont certains doivent &tre linéairement stables pour
qu'un cycle limite puisse &tre atteint.

- développement des phénomenes élémentaires : tous les
phénomenes intervenant daps la stabilité linéaire,
dissipation biphasique, réponse du propergol..., doivent
recevoir une description aux ordres élevés des dévelop-
pements., Ceci est réalisé par exemple par
G.M.H.J.C. Gadiot et A. Gany (réf. 24 et 25) sur une
base enti¢rement théorique mais malheureusement sans
possibilité de vérification expérimentale autre que par
les conséquences globales.

- évolution de la fréquence du mode prééminent = les
modes de cavité ne sont en progression arithmétique que
dans le cas des modes longitudinaux purs ce qui pose
probléme pour ia moyenne dans le temps permettant
d’établir les équations différentielles (2.24) et rend
imprécis le transitoire d’établissement du cycle limite,
sans doute un peu moins le cycle limite proprement dit.

223.2. Caloul pumérique

Lintégration des équations de la mécanique des
fluides permet en principe d'éviter toute hypothése
s..oplificatrice et devrait conduire & terme 2 des moyens
d’analyse et de prévision performants. La simulation
numérique des systdmes est une activité en évolution trés
rapide et le traitement numérique des instabilités de




combustio . se heurte & des difficultés de nature générale
et & des difficultés spécifiques :

- difficultés générales : les phénomenes de type convectif
et de type propagatif doivent &tre pris en compte avec
un égal soin, ce qui imp“gue l'utilisation de schémas
numériques adaptés et de maillage relativement raffinés.
Les caractéristiques  instationnaires du schéma
numérique utilisé doivent &tre parfaitement maitrisées
pour que Pamortissement des phénomeénes oscillatoires
donné par le caleul corresponde bien au probléme
physique traité et non pas aux propriétés dissipatives et
dispersives du schéma. Les maillages raffinés conduisent
A des temps de calcul élevés, m&me sur les ordinateurs
les plus puissants, et & des cofits élevés.

difficultés spécifiques : Pexpérience et iz physique
suggerent de resserrer le maillage dans certaines zones
sensibles telles que le proche voisinage de la surface de
combustion et les angles vifs du chargement. Deux types
de conditions limites font l'objet d'une attention
spéciale : le raccordement de la chambre et de Ia tuyare
et la surface de combustion. Pour le raccordement
chambre-tuydre, on peut, pour les objectifs de
recherches, imposer une pression stat’que oscillante ou
des conditions reproduisant de maniere approchée le
fonctionnement instationnaire de la tuydre ; pour des
applications, il semble plus sain de traiter simultanément
chambre et tuyére (paragraphe 3.1.3). La surface de
combustion pose le probléme de la mise au point d’'un
modele permettant de calculer la vitesse instantanée de
combustion pour toute variation temporelle des
grandeurs aérodynamiques locales, ce qui implique
Putilisation de méthodes numériques ; les modeles de
couplage pression non-linéaires, comme ceux rappelés
dans la référence 26, imposent au moins, en chaque
point de la surface de combustion, Pintégration
numérique d'une équation instationnaire de conduction
thermique.

Les difficultés mentionnées limitent actueliement
les ambitions & deux classes de probiemes : la simulation
des instabilités non-linéaires dans les géométries
simplifi€es A I'aide d’'une description monodimensionnelle
et la simulation monophasique des instabilités non-
linéaires ¢ des géométries axisymétriques. Le
traitemen’ ri oureux de géométdes tridimensionnelles
réalistes « 16 julement diphasique ne semble pas encore
avoir ét€ abordé.

2.2.32.1. Simulation monedimensionneile

La simulation monodimensionnelle ne permet pas
de distinguer les niveaux de description du fluide (non
visqueux, visqueux laminaire, turbulent) et a donné liev &
de nombreux travaux parmi lesquels il faut citer cevx de
J.D. Baum, J.N. Levine et RL. Lovine (réf. 27 2 31) pour
deux raisons : le roin apporté au contrdle du schéma
numérique et la comparaison entre caleuls et essais. Les
essais ont profité également de la mise au point de
dispositifs de déstabilisation dynamique aux caracté-
ristiques bien controlées.

1a qualit¢ des comparaisons entre calcul et
expérience, pour des moteurs simplifiés déstabilisés, est
plutbt satisfaisante compte-tenu des incertitudes sur le
modéle de combustion (réf. 30) et des limites de
'approche 1D.

2.2.32.2. Simulation bidimensionnelle

Les travaux récents réalisés en simulation
bidimensionnelle sont peu nombreux et se distinguent par
les géométries traitées et le niveau de description u
fluide. La géométrie bidimensionnelle (canal plan ow

cylindrique de section constante) simplifie le maiilage du
champ et sert aux objectifs de recherche, la géométrie
axisymétrique se rapprochant plus des applications. Le
fluide peut étre décrit soit compressible non visqueux
(€quations d’Euler), soit compressible visqueux laminaire
(équations de Navier-Stokes), soit turbulent par l'inter-
médiaire d’'un modele classique (algébrique ou k-€).

4.D. Baum (réf. 32) s'est intéressé 2 un canal
cylindrique et a étudié de fagon extrémement détaillée
Finteraction des champs stationnaire et instationnaire ; ses
résultats sont repris au paragraphe 3.1.1.

R.A. Beddini (réf. 33) a, dans la méme situation,
réalisé un couplage entre I'écoulement instationnaire
turbulent et une flamme simplifiée en vue d’expliquer la
transition 2 la turbulence dans le cas d'une instabilité et
d’approfondir le couplage-vitesse.

L’ONERA s'er: intéressé 2 des géométries axisy-
métriques. Dans un premier temps, une tent:dive a été
faite pour étendre au bidimensionnel le calcui monodi-
mensionne! tenant compte du couplage pressiou non-
linéaire. Plus récemment, les travaux ont été réorientés
vers la description fine des phénomeénes aérodynamiques
de champ ; quelques résultats sont présentés au
paragraphe 4.3,

2.3. Observations expérimentales ¢t imperfections de
Tty dos bt T

Les différentes recherches sur la stabilité non-
linéaire statique ou dynamique n'ont pas encore donné
naissance 2 des outils utilisables pour la conception des
moteurs, mise & part la méthode de 1" Averaging”. Le bilan
acoustiq'ie et I""Averaging” ne donne des résultats réalistes
que si la base des modes linéaires est elle-méme réaliste.
Ce chapitre sera consacré A la comparaison d’observations
expérimentales et des prévisions lin€aires correspondantes,
en mettant en relief quelques exemples significatifs ol la
prévision a ét€ contredite par Pexpérience.

23.1. Ohservations générales

Les instabilités de combustion se manifestent dans
un domaine de fréquence de 10 Hz 2 plus de 10000 Hz
suivant la taille et Parchitecture du propulseur. Méme 2i
les phénom2nes physiques mis en jeu 2 ces diverses
fréquences présentent une unité certaine, ia maitrise de
toutes les instabilités susceptibles d’4tre rencontrées, avec
des outils communs, constitue un véritable défi, ne serait-
ce qu'au niveau des données d’entrée. Cependant les
moteurs présentent des spécificités selon les mussions
visées et il leur correspond généralement des modes
particuliers d'instabilité :

- moteurs de premier étage de lanceur : le diamatre
atteint 4 m, la longueur prés de 30 m, le propergol
aujourd’hui universellement retenu est un composite
perchlorate d'ammonium/aluminium/polybutadiene, la
fabrication utilise fréquemment la segmentation ; les
segments sont A géométrie cylindro-conique sauf pour
Pun d'entre eux & motif étoilé ou A ailettes. Les
premitres fréquences mises en jeu sont faibles, 15 2
25 Hz, et les moteurs opérationnels 1égérement instables
naturellement, avec des niveaux stabilisés modérés.
L'opinion est répandue que la segmentation peut
favoriser [Pinstabilitt sur les premiers modes
longitudinaux,

- moteurs pour missiles stratégiques : le diamétre peut
dépasser 2m, la longueur varie suivant Pétage, le
propergo! est un composite métallisé 2 liant inerte ou
énergétique, le chargement est monobloc. La géométrie
Finocyl a tendance & s'imposer aujourd’hui. La France

sk

s
R

A% e haek Lo

o R, W AU ALY

g
s
i
i
H

O M syl !‘!\}iﬁ*}“ﬁ sl

e M e mrnm e e




o
0

i'.

BT e nt

e

i

fait également usage de chargements axisymétriques
usinés ; des instabilités ont été observées dans la gamme
des moyennes fréquences, A partir d’environ 100 Hz,
c’est-d-dire sur des modes longitudinaux-radiaux, avec
des niveaux stabilisés tolérables.

- moteurs pour missiles tactiques : il existe une grande
diversité de taille, de propergol et de chargement, qui
rend difficile toute généralité. On note toutefois que la
tendance A utiliser des propergols "sans fumée" ou 2
"fumée-réduite” conduit & supprimer ou 2 réduire la
charge métallique qui joue un réle important dans
Pamortisseruent des instabilités 2 moyenne et haute
fréquence ; aussi doit-on quelquefois réintroduire un
faible pourcentage de particules d’oxyde réfractaire dans
le propergo! pour stabiliser le fonctionnement. Les
modes tangentiels, généralement tournants, entrainent
souvent une dérive de la pression stationnaire et sont
particuliérement redoutés.

2.3.2. Reproductibilité des instabilités

La reproductibilité des instabiliiés ne peut étre
rigourcusement déterminée que dans des conditions trés
strictes + méme géométrie du propulseur, méme lot de
propergol, mémes conditions d’essais. Ces conditions sont
rarement réunies.

La reproductibilité est généralement bonne sur les
fréquences, moin: satisfaisante sur les niveaux d'instabilité.
Les instabilités tangenticlles conduisent 2 plus de
dispersion. On peut signaler des essais de moteurs 2
char -ement usiné dont les instabilités pouvaient appartenir
4 dev x classes ; aucune explication satisfaisante n’a jamais
été trouvée A cette ambivalence.

233. Reproductibilité des fréquences et de la
Dilité stati

2.3.3.1, Moteur d'étude

L'exemple choisi porte sur un petit moteur d’étude
de PONERA utilisé pour déterminer la réponse d'un
propergol solide au couplage pression A haute fréquence
(réf. 34 et 77) ; le moteur, stable naturellement, est
destabilisé périodiquement sur son premier mode longi-
tudinal et 'amortissement mesuré donne la réponse par
I'intermédiaire d’un bilan acoustique. Ce moteur sert
également de cas d'école pour la mise au point de la
simulation numérique bidimensionnelle et Panalyse
théorique des phénomenes aérodynamiques.

La fréquence croit naturellement au cours du
fonctionnement. La figure 8 donne une comparaison des
fréquences calculées par 'analyse linéaire 1D et mesurées.
L'accord est satisfaisant, les écarts pouvant &tre imputés
4 des phénoménes mal contrflés (ablation de
linhibiteur...) ou au caleul de la fréquence acoustique
(paragraphe 3.13.L). La reproductibilité des fréquences
est excellente, celle des amoriissements acceptable pour
ce type d'essai. L'observation est assez générale : des
moteurs de géométries simples, conduisant A des évo-
lutions régulidres de fréquence et stables statiquement,
présentent une bonne reproductibilité.

2.3.3.2. Moteurs segmentss

Les moteurs segmentés les mieux documentés sont
ceux équipant les systtmes de lancement américains
Titan III et Navette Spatiale. Le MPS d’Ariane doit faire
P'objet d'un premier essai prochainement, il a &t€ précédé
d’un essai sur une maquette segmentée qui a démontré
une 1égere instabilité,

10000
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Figure 8 - Fréquences caiculées et mesurées sur un moteur
d'étude ONERA

La figure 9 relative au Titan 34D est extraite de
la référence 35 et reproduit Ianalyse de la composante
instationnaire de pression enregistrée sur un capteur
Kistler. Les fréquences observées se situent au voisinage
des fréquences acoustiques mais leur évolution n'est pas
continue : un phénomane en cascade est observé, caracté-
risé par une suite de décroissances de la fréquence
entrecoupées de brutales remontées et suggérant des
transitions entre des régimes d'instabilité. L'amplitude de
Poscillation de pression n'a pas dépassé 2% de la
pression moyenne. Un phénomeéne tout 2 fait comparable
a été observé sur le Space Shuttle Booster (réf. 36),
Pamplitude de pression atteinte n’a pas dépassé 3 % de
la pression moyenne.

120 1
110
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T
0 10 20 30 40 50 60 70 80 90 100

Fréquence (Hz)

Figure 8- Fréquences observées sur Tian 34D (réf. 35)
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L'instabilité naturelle des moteurs segmentés a été
une mauvaise surprise puisque les prévisions donnaient un
comportement stable. Les tableaux 2.1 et 2.2 donnent une
synthese des calculs de bilzr croustique pour le premier
mode longitudinal (réf. 35 et 37, o4 €t oty SOnt les
contributions linéaires des couplages pression et vitesse,
o Pamortissement di 3 la tuydre, v celui dil aux
particules d'alumine et o¢yest le terme de “"Flow Turning”,
Quelle que soit I'opinion qu’on puisse avoir sur le terme
de "Flow Turning", on remarque que sa suppression ne
change pas le signe de ; I'amortissement est dans les
deux cas presque exclusivement dd 2 la tuyere. Le
désaccord entre prévision et observation a €té 2 I'origine
d’une remise en cause du bilan acoustique sous sa forme
classique et a amené A incriminer un possible couplage
entre Pacoustique et I'émission de structure tourbillon-
naire ; ce phénomene fera l'objet du paragraphe 3.1.2.

Tableau 2.1 - Prévision de [a stabiité du SRM du Titan 34D (rét. 35)

La similitude des comportements observés a
&chelle 1 et & échelle réduite a surpris les chercheurs de
PONERA et les experts étrangers en raison de la forte
non-linéarité des phénomenes avec la fréquence. Ce point
doit dtre réexaminé A la lumitre de Phypothese d'un
entretien de l'instabilité par 'émission tourbillonnaire,
laquelle obéit & une similitude de Strouhal

S,, = %‘ = Che (225)
o) u est une vitesse de référence.

233~Moteurs 3 chargement  tridimensionnel
Einocyl

La dénomination Finocy! résulte de la contraction
de Fin (ailette) et cyl (cylindre), elle décrit un chargement

Epaisseur brilée Fréquence O pg Cye Oy Qep Cer o
(%) (Hz2) (s (s (sh (s) (s (sh
0 22,2 2,66 046 -15,78 -2,22 -5,53 -20.41
21,5 20,31 1,08 -0,17 -7.73 -2,03 -4,13 - 12,98
45 21,81 0,60 -0,22 -5,07 -2,18 -3.43 -10,30
73,9 23,74 044 -0,18 -3,88 -2,37 -243 -8,42

Tableau 2.2 - Prévision de la stabilité du SRB de la Navette Spatiale (réf. 36)

Epaisseur brilée Fréquence Qe Qye oy Gpp Oy a
(%) (Hz) s (s s (s) (s (s
0 15,25 2,87 0,05 -15,14 -0,62 -3,92 - 16,76
45 13,17 0,46 - 0,01 -8,38 -0,57 -2,29 -10,79
80 16,18 0,31 - 8,06 -0,66 -1,49 -9,90

2.3.3.3. Moteurs A chargement axisymétrique usiné

Spécialité frangaise, ce type de moteur a donné
lieu & de nombreuses observations dont une syntheése peut
étre trouvée dans les références 6 et 38, La figure 10
rappelle la géométrie du chargement ; il s'agit ici de la
maquette 3 Péchelle 1/6 essayée en structure lourde. La
figure 11 donne une synthése des fréquences ubservées
tant sur moteur réel que sur magquette ainsi que la
fréquence acoustique calculée pour le premier mode (les
temps et les fréquences sont ramenés 3 I'échelle 1).

On retrouve un phénoméne d’évolution de la
fréquence en cascade. La décroissance des inodes
supérieurs en fonction du temps n’est pas retrouvée par le
calcul acoustique ; il faut toutefois remarquer qu'il est
difficile de séparer les composantes harmoniques du mode
le plus bas des modes supéricurs (certains essais a échelle
réduite ont conduit & une amplitude maximale d’oscil-
lation de pression créte & créte de prés de 10 % de la
pression moyenne). L'essai réalisé avec un propergol non
métallisé est parti en instabilité tangentielle aprés deux
secondes de fonctionnement : fréquence voisine de
7000 Hz, amplitude créte 2 créte supérieure 3 80b,
pression moyenne augmentée de plus de 80b !

constituée d’un canal cylindrique circulaire raccordé 2 un
motif 2 ailettes ; la dénomination Conocyl est parfois
rencontrée, le chargement peut également présenter des
gorges circonférenticlles supplémentaires. Ces
chargements utilisés sur les moteurs modernes conduisent
2 des écoulements fortement tridimensionnels.

Un mode en cascade a été observé sur le premier
étage du mivsile Poseidon, il y a prés de 20 ans (réf. 39,
figure 1). La fréquence mesurée était au voisinage de
80 Hz, entre 8 et 125 de fonctionnement. Des amplitudes
dt:I vibration supérieure & 20g créte sur la tuy2re ont été
relovées.

Le moteur du troisitme étage du missile
Minuteman 1il a également exmbé, dans sa premure
version, un mode en cascade (réf, 32 et 40). Comme
visible sur la figure 12, les fréquences varient fortement
et s'éloignent de la fréquence calculée pour le premier
mode longitudinal de cavité,

A contrario, certains moteurs pour étages
supérieurs de lanceurs, caractérisé par un faible allon-
gement ont manifesté une stabilité statique en essais alors
que le bilan acoustique prévoyait Iinstabilité (réf. 41). Les
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chercheurs ont incriminé la faible représentativité du )
terme de "Flow Turning” pour la prédiction de
Pinteraction entre le champ stationnaire et  ‘acoustique 20

ainsi qu'une forte surestimaiion du couplage-vitesse.

Figure 10 - Maquette de moteur & chargement axisymétnque
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2335 Sensibilité des instabilités 2.d ficati
géométriques du chargement

Deux exemples méritent d'8tre signalés. Le
premier porte sur le moteur & chargement axisymétrique
représenté sur la figure 10, la géométrie modifiée est
donnée sur la figure 13. Le réle moteur de I'ém.ission
tourbillonnaire sur les instabiités n'était pas connu 3
I'époque des essais ; par contre un essai avait été inter-
rompu par détente et il avait &t€ observé une combustion
anormalement élevée sur la partie aval des gorges, au
raccordement avec le canal central, ce qui laissait craindre
un couplage-vitesse important. Les angles du chargement
ont en conséquence £té abattus dans cette zone, Le mode
le plus bas est apparu exceptionnellement tard et les
niveaux des modes supérieurs ont €t€ atténués.

Figure 13 - Modification de ia géométne du chargement de
la figure 10

L'autre exemple, beaucoup plus net, est lié au
troisiéme étage du Minuteman IIl. L'explication du
comportement instable avait été recherchée dans
Pémission tourbillonnaire susceptible de prendre naissance
au raccordement du motif 3 ailettes avec le canal central,
en raison d'un fort étranglement. La diminution de
I'étranglement aurait permis de diminuer sensiblement le
niveau d'instabilité (réf. 40) ; on ne sait pas si la version
modifiée dont les résultats sont reportés sur la figure 11
correspond & ce seul changement

2.34. Récapitulation

L’application du bilan acoustique pour la prévision
de la stabilité linéaire a donné lieu 3 quelques déboires,
surtout pour des géométries de chargement mettant en jeu
des structures bidimensionnelles ou tridimensionnelles
d'écoulement. L’apparition de modes en cascade pour des
moteurs dont le diametre s'échelonne de 250mm 2 4m et
pour des fréquences de 15 4 plus de 1000 Hz conduit 2
s'interroger sur la validité du dénombrement classique des
phénomenes élémentaires. Certains phénomenes comme
le "Flow Turning” et le couplage-vitesse demandent
également un réexamen.

3. PROGRES RECENTS DANS 1A PHYSIQUE DES
PHENOMENES ELEMENTAIRES

Le bilan acoustique met en évidence des contri-
butions lies au champ aérodynamique instationnaire et
des contributions liées a la combustion du propergol. Bien
qu'obligatoirement simplifiée, cette distinction entre
phénoménes aérodyncmiques et phénomeénes de
combustion est retenue pour la présentation. L'accent sera
mis sur les phénomenes aérodynamiques, dont la maltrise
semtle avjourd’hui constituer un préalable indispensable
a Papprofondissement des phénoménes de combustion.

3.1. Phénomenes aérodynamiques

L'aérodynamique interne des moteurs 3 propergol
solide est trds particulidre car I’écoulement nait sur la
surface de combustion. Cette particularité confére 2
Pécoulement stationnaire un caractére rotationnel qui
devrait trouver un prolongement en instationnaire. Les
connaissances sur les écoulements acquises dans d’autres
secteurs d'activité requitrent un travail d’adaptation qui
commencent généralement par une recherche dans des
conditions simplifiées facilitant I'interprétation physique
des résultats. Quatre problémes seront successivement
examinés : V'interaction entre les champs stationnaire et
oscillatoire au voisinage de la surface de combustion, les
instabilités hydrodynamiques de I'"écoulement, le compor-
tement instationnaire de la tuyre et I'aspect diphasique
de P'écoulement. Les deux premiers problémes restent
encore ouverts et ont donné lieu A différentes approches
qui seront commentées en vus de dégager les acquis et
leurs conséquences pratiques.

3.1.1. Interaction entre . champs_ stationnaire et
latol face d busti

Cette interaction recouvre plusieurs phénomenes
complémentaires pour lesquels il existe encore plusieurs
approches. Pour la clarté de la présentation, nous distin-
guerons successivement les approches linéaires des
approches non-linéaires.

3.1.1.1. Théorjes linéaires

Les théories linéaires traitent par le calcul analy-
tique la couche d'adaptation du champ acoustique aux
conditions de surface et deux niveaux peuvent é&tre
distingués suivant que Pécoulement stationnaire est décrit
de fagon plus ou moins simplifiée. Le terme de couche
limite acoustique sera utilisé mais préte quelque peu 2
confusicn : la prise en compte de la viscosité laminaire est
indispensable 4 P'analyse mais dans certains cas, les
résultats finaux sont indépendants de la viscosité.

3.1.1.1.1. Théories__de la couche limie
acoustique

La couche limite représente en aérodynamique
classique la zone mince adjacente 4 la paroi ol sont
concentrés les effets visqueux de P'écoulement. Si I'écou-
lement est oscillatoire A faible amplitude, une couche
limite acoustique peut étre mise en évidence sur une paroi
inerte, sa description est aisée en laminaire. Le probléme
peut étre réexaminée pour une paroi débitante. Les
premiers travaux ont été conduits par G.A. Flandro
(réf. 42) qui a en particulier démontré que, vue de
Pintérieur de la cavité, la surface de combustion présente
une admittance qui n'est pas 'admittance liée au couplage
pression mais cette derniére corrigée d'un terme
traduisant la présence de la couche acoustique. Les
hypotheses utilisées ainsi que la démarche suivie sont

rappelées, en suivant les notations de la référence 43 :

- Pécoulement stationnaire est uniforme et normal 2 la
paroi, ce qui lui confere un caractére irrotationnel.

-le rapport de Iépaisseur 8, de la couche limite
acoustique sans injection 4 la longueur d'onde est de
Pordre du nombre de Mach d'injection, soit

Fu VER:a _ o(1) 3.1
=35 = ¢ (ERY)
- le probléme est bidimensionnel enxety, Paxe desx

étant parall2ie A la surface et 'axe des\y perpendiculaire
(figure 14).
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- les équations aux dérivées partielles linéaires sont €crites
pour les perturbations des composantes de vitesse, de
pression et de température ; les conditions limites sur la
surface se traduisent par w& 0 et v//p’ proportionnel
4 ladmittance A, ; les conditions limites & I'infini
suivant Y correspondant au raccordement avec le
champ acoustique.

- les solutions analytiques sont recherchées sous la forme «

p'= Ce'“feh =, . (32)

- Pimtégration donne directement les solutions u/v/,p/

Les conséquences principales de cette analyse sont
les suivantes

- extension de la couche limite acoustique : une expression
approchée peut &tre obtenue (réf, 43, 44 et 45) sous la

forme :
33, [ FLrtea _F‘_]" (33)
o 8 - 2

L'épaisseur de la couche limite acoustique en
préseace d’un soufflage de paroi est toujours supérieure
2 celle sur paroi inerte, Pamplification étant liée au
paramétre F qui combine le nombre de Mach de
soufflage, la viscosité laminaire et 1a fréquence.

- la composante longitudinale de vitesse présente, comme
indiqué sur la figure 14, un comportement oscillatoire
qui s’amortit au fur et 2 mesure de P'éloignement de la
surface. Un maximum d’amplitude prés de la surface
ainsi qu'un déphasage vis-a-vis de la vitesse acoustique
sont mis en évidence ; cet effet peut &tre essentiel pour
la compréhension du couplage-vitesse. Le champ de
pression est quant A lui insensible 2 Ia couche limite
acovstique.

atdonné
[ Uacoustique U’ o Vp V'
° ?—“ 0 F—‘
)
1
i
yY y
Mouvement paralidle Mc t perpend:
alasurface ala surface

7-15

- 1a correction d’admittance, ou la correction de réponse
équivalente, peut tre calculée ; elle s'exprime en
fonction du Mach d'injection M et du nombre de
Reynolds acoustique =

Re, = (24 )' (34)

FAY-1

Les résultats se simplifient lorsque F >> 1, ce qui
correspond bien 2 la plupart des applications mais
contredit 'hypothase de départ F = 0(1).

Le premier résultat conceine I'épaisseur de la
couche limite acoustique :

Pour des moteurs homothétiques sujets 2 des
modes d'instabilités semblables, co sera inversement
proportionnel 4 I'échelle et il en va de méme du rapport
de & A une dimension caractéristique de la cavité, La
théorie de la couche limite acoustique, qui ne présente
d'intérét que si P'épaisseur de cette derniere est
négligeable vis-a-vis des dimensions de la cavité, semble
mieux adaptée aux petits moteurs qu'aux gros moteurs.
Pour ces derniers, la couche limite acoustique des modes
de basse fréquence peut occuper une fraction notable de
la cavité.

La correction d’admittance tend, dans les mémes
conditions vers une valeur indépendante de la viscosité =

AAS) v.F, 3.6)
Le bilan acoustique peut étre alors facilement
corrigé soit dans I'expression du terme de couplage-
pression, soit en introduisant un terme correctif propor-
tionnel 2 l'intégrale { 55 alo .
(N

1 est intéressant de remarquer que pour un canal
cylindrique, le terme correctif issu de la couche limite
acoustique est strictement équivalent au terme de "Flow
Turning® + l'approche globale du "Flow Turning" et
I'approche plus «étaillée de la couche limite acoustique se
rejoignent dans ce cas particulier et confirment Pintuition
de F.E.C. Culick. Toutefois cet accord n'existe plus pour
des géométries complexes. L'objet du travail présenté dans
la référence 43 était justement de comparer les deux
approches, sur la base de la cohérence des résultats
expérimentaux obtenus sur le petit moteur de la figure 8.
Différentes géométries de chargement conduisent, aux
mémes pression stationnaire et fréquence, A des termes
différents de "Flow Turning" et de correction d’admittance.
Les réponses déduites des amortissements mesurés, sur un
méme propergol, doivent &tre identiques pour I'analyse la
plus réaliste. La figure 15 donne un exemple des résultats
obtenus ; les deux tracés récapitulatifs dans Pespace (£,
£, RE)) dégagent les conditions pour lesquelles les
comparaisons peuvent &tre faites et les différences entre
les résultats. Les divesses comparaisons effectuées
inclinent A penser que I'approche par correction
d’admittance est meilleure, Cette conclusion suppose qu'il
n'existe pas de phénoméne dépendant de la géométrie qui
aurait ét€ omis dans le bilan acoustique, comme par

Fay b .»r:f«w“;mt‘v_&,f.:‘cﬁi

F

2 Lignes de courant exemple P'émission tourbillonnaire (géométrie A).

B (écoulement stationnarre)

4 L'approche qui vient d'étre rappelée est celle de la
; y - couche limite acoustique classique, elle a permis un
e Champ acoustique premier pas dans la compréhension des phénomenes
; (irrotationnel) aérodynamiques d'adaptation prds de la surface de

combustion. Elle limite la portée de la simplification
traduite par la relation (2.14) mais ne tient compte que du
terme (%3 )T . Par contre, il subsiste le probléme du -
terme (G )a & ). 6 qui fait intervenir le rotationnel :
de I'écoulement stationnaire. La théorie de la couche

Figure 14 - Raccordement du champ instationnaire
au champ acoustique
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Figure 15 - Coherence des réponses determinées 4 partir des approches "low Turning” et correction d'admittance (réf 43)

limite acoustique a été reprise par plusieurs chercheurs
pour tenir compte plus précisément du champ stationnaire
pres de la surface et expliquer les observations en simu-
lation gazeuse instationnaire (réf. 44 & 47). Travaillant sur
une cavité cylindrique, U.G. Hegde, F. Chen et B.T. Zinn
introduisent I'expression 4u champ stationnaire dans toute
la cavité et limitent les développements au premier ordre
(réf. 44), Les calculs ne seront pas reproduits ici.
L’influence de la vitesse d'injection et de la fréquence,
déjd établie, est bien retrouvée mais des résultats
nouveaux sont également démontrés. Le principal est que
les phénomenes de couche limite acoustique varient de
fagon sensible avec la position axiale sur la surface de
combustion., Clest le cas pour la répartition des
composantes longitudinales et radiales de vitesse ainsi que
de la correction d’admittance. La correction d’admittance
comprend le terme classique et un terme supplémentaire
li€ au champ stationnaire et proportionnel 3

A g% ,
i, étant la vitesse stationnaire sur I'axe et :.% le gradient

de pression acoustique. Ce terme supplémentaire induitun
comportement singulier au voisinage du minimum de
pression acoustique.

Les conséquences sur le bilan acoustique de
I'extension de la théorie de la couche limite acoustique
sont importantes :

- la limitation reste liée 3 'épaisseur de la couche limite
acoustique, c'est-a-dire 2 la possibilité de traduire I'effet
de cette couche par un terme de surface,

- le bilan acoustique n'est plus indépendant du champ
stationnaire, qui doit avoir fait I'objet d'un calcul
préalable, ce qui complique notablement la démarche.

Il semble possible d'étendre Papproche de
U.G. Hegde et al. & des géométries complexes. Il parait

naturel de caractériser dans ce cas chaque point de la
surface par le rotationnel local J2p et de reprendre les
calculs avec le champ stationnaire local >

Tayly =57 D) (37

Un nouveau paramétre apparait par 'adimension-
nement des grandeurs

JZ;S- ; (3.8)

il doit &tre comparé en ordre de grandeur aux autres
paramétres.

3.1.1.1.2, Généralisation du bilan acoustique

Lidée générale qui sous-tend cette généralisation
est de limiter les simplifications telles que (2.14),
lorsqu’ont été combinés les problémes linéaires décrivant
respectivement Pinstabilité et Pacoustique ; elle est
illustrée par les travaux de T.J., Chung (réf. 48 et 49). Le
probléme peut étre résolu sur li})lan formel et conduit 3
des intégrales od apparaissent B, et T, en combi-
naison avec les caractéristiques du champ stationnaire de
vitesse ; peut étre décomposé en une composante
irrotationnelle & et une composante rotationnelle 3%, §
et o sont assimilables A B, et T mais il reste
évidemment une difficulté avec I

Cette approche est uniquement intéressante du
point de vue théarique, Elle permet d’identifier les
sources potentielles d'instabilité au travers des tarmes des
€quations et de proposer leur interprétation physique, elle
sépare les sources dépendant de la viscosité des autres.
Par contre, il n’est pas possible de donner une traduction
de la théorie pour la plupart des applications sauf 2
admettre un calcul séparé du champ % ce qui raméne 2
la théorie de la couche limite acoustique.

R IRISETR AR AR K Byt 438 s F gt ki S bt AT s

R ;«ég;’?’ﬂ@ ?‘"‘,

s




§ o

e g

WA R Vb e

3.1.12. Caicol numérique

Un travail tréc approfondi a été mené par
1.D. Baum sur une cavité cylindrique (réf. 32). Les
équations de I'écoulement visqueux turbulent (modéle k-£)
sont intégrées a l'aide d’'une méthode de différences finies
pour tros situations de complexité croissante »

- une paroi inerte en I'absence d’écoulement moyen,
- une paroi merte en présence d’'un écoulement moyen,
- une paroi débitante.

Des ondes prupagatives et stationnaires sont
successivement vonsidérées,

Le calcul numérique retrouve et précise ce qui a
été mis en évidence par les méthodes analytiques :

- le phénomeéne dépend de la fréquence et de la vitesse
d’injection mais aussi de la direction de propagation de
Ponde, il varie avec la position axiale,

- la hissipation de I'énergie acoustique est principalement
concentrée dans la couche limite acoustique, elle est
accrue avec la fréqusnce et la vitesse d'injection et
plus mmportante pour les ondes se propageant vers
Famont que pour celles se propageant vers I'aval.

- Pécoulement stationnaire joue un role important et le
couplage devient rapidement non-linéaire.

Le role de la turbulence n'est pas facile a
apprécier puisque il y a, méme en stationnaire, transition
du laminaire au turbulent suivant I'abscisse. R.A. Beddim,
utilisant une technique de linéarisation des équations
turbulentes, conclut que le champ instationnaire peut
favoriser la transition 3 la turbulence méme pour de
faibles amplitudes et induire un couplage-vitesse (réf. 33).
1l faut remarquer que la turbulence en moteur reste
umparfaitement connue et qu'il n'est pas assuré que les
modeles standards de turbulence développée en
fournissent une bonne représentation.

Les travaux de F. Vuillot et G. Avalon (réf. 50 et
51) portent sur des situations pour lesquelles la couche
limite acoustique occupe une grande partie de la cavité.
Les équations de Navier-Stokes pour I'écoulement
laminaire sont intégrées par une méthode de volumes finis
utilisant un schéma explicite de Mc Cormack. Le travail
préliminaire de la référence 50 considére une cavité
paraliélipipédique et un débit unitaire constant; la
condition limite aval porte sur la pression statique d’abord
constante pour obtenir le fonctionnement stationnaire puis
oscillatoire autour de sa valeur stationnaire pour I'étude
du mode stationnaire forcé. La figure 16 illustre le champ
instationnaire de vitesse vers le fond arriere de la cavité
lorsque la fréquence d’excitation est 0,8 fois celle du
premier mode longitudinal, et 'amplitude relative de la
pression d’excitation de 5 %. On peut constater, d’une
part le caractére trés rotationnel de I'écoulement et,
d’autre part, lincidence de I'écoulement moyen qui rompt
la symétrie du cycle. Le travail plus récent de la réfé-
rence 51 intéresse 